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Abstract 

Early and late stages of neural speech processing in  

native-English and native-Polish listeners: A behavioral and ERP study 

by Monica Wagner 

Advisor: Dr. Valerie L. Shafer 

The effect of exposure to the contextual features of the consonant cluster /pt/ on 

speech perception was investigated in native-English and native-Polish listeners using 

behavioral and ERP methodology.  English and Polish listeners experience the consonant 

cluster /pt/ in their languages, but only the Polish group experiences the cluster in the 

context examined in the current experiment (i.e., word onset).  Acoustic features of 

phonemes change with context and, therefore, only the Polish listeners are exposed to the 

acoustic features of the word onset /pt/ cluster.  The /st/ cluster occurs in both English 

and Polish in word onset and, therefore, the /st/ cluster was used as an experimental 

control.  Also, because the /st/ and /pt/ clusters have different acoustic characteristics, the 

influence of these characteristics on speech perception, irrespective of native-language 

exposure was examined.   

Two and three-syllable nonsense words beginning with /pt/, p´t/, /st/ and /s´t/ 

were presented within same and different word pairs.  A syllable identification task 

performed in response to the second word in the pair revealed that Polish listeners were 

able to distinguish /pt/ and /p´t/ nonsense words but English listeners were not, 

suggesting that contextual features of phonemes are intrinsic to perceptual speech 

processing.  ERP responses to the second word in the pair revealed native-language 

speech perception to be reflected late in latency within the LPC and P400.  Sensory-
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obligatory responses from fronto-temporal sites (P1N1P2 complex) in response to the 

first word in the pairs revealed auditory signature waveforms for the 2 and 3-syllable pt 

word forms that were the highly similar for the English and Polish listeners.  In contrast, 

English and Polish groups showed different sensory-obligatory responses from lateral-

temporal sites (T-Complex) to the 2-syllable pt word forms reflecting native-language 

speech perception and these differences began early in cortical processing at 40 ms. 

Together, these findings suggest that both acoustic and linguistic distinctions are reflected 

at both early and late stages of cortical speech processing but from different brain 

sources.  Also, neurophysiological differences in response to the acoustic characteristics 

of the /st/ and /pt/ stimuli, irrespective of native language, were evident.  
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A major issue of our time in the neuroscience of speech and language concerns 

the manner in which the acoustic signals of speech are integrated and translated into 

cortical processes contributing to speech perception.  The study of speech perception of 

native-language groups permits a natural experiment because speech exposure of native-

language groups differs during sensitive periods of development and affects the 

perception of speech (Strange & Shafer, 2008).  Furthermore, comparison of native-

language speech perception and neurophysiological indices of speech processing permits 

an exploration of the effects of varying auditory-phonetic input from the natural 

environment on stages of neural speech processing.  In addressing these issues, we ask 

two main questions, (1) What is the role of the acoustic features of phonemes that change 

with context in speech perception and (2) Does native-language experience modulate 

earlier levels of auditory processing indexed by sensory-obligatory components of 

auditory event-related potentials? 

Phonotactic patterns of speech (i.e., the permissible sequences of phonemes, 

including consonant clusters in onset and coda positions) differ across languages 

(Halicki, 2010; Ewen & van der Hulst, 2001).  For example, the English and Polish 

languages contain the consonant cluster /pt/, but only the Polish language has the cluster 

in the word onset context (i.e., “ptak”).  The exposure during development to the 

phonotactic patterns of the English or Polish language provides a natural experiment, 

whereby we can determine the effect of context (word onset) on perception of the /pt/ 

cluster.  The acoustic features of phonemes (or phoneme segments) change with each 

phoneme context.  Therefore, by investigating the effect of context of the /pt/ cluster in 
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the different language groups, we focus on the role of the acoustic features of phonemes 

in speech perception. 

Investigating whether acoustic features are intrinsic to speech perception will 

contribute to our understanding the development of word recognition.  The process by 

which infants segment words from the speech stream so that word meaning can be 

learned has not been established.  Because the acoustic features of phonemes change with 

each phoneme context (and stress pattern), the phoneme sequence of each word has a 

unique acoustic pattern.  This unique acoustic word pattern is the phonological 

information of the native-language input.  Infants detect word-units (phoneme sequences) 

within the first year of life before word meaning is learned (Jusczyk, Friederici, Wessels, 

Svenkerud & Jusczyk, 1993; Saffran, Aslin & Newport, 1996) indicating that native-

language phoneme sequences are encoded in the brain without associated word meaning.  

After only minutes of exposure to particular 3-syllable nonsense words, eight-month old 

infants can detect these nonsense words from a string of syllables in which these patterns 

are embedded (Saffran, Aslin & Newport, 1996).  Neural encoding of the unique acoustic 

word patterns in auditory cortex can explain detection of these specific patterns.  

Thirteen-month babies can comprehend nonsense words after hearing the words in 

association with novel objects only nine times, a process termed fast mapping 

(Woodward, Markman & Fitzsimmons, 1994).  This finding suggests that neural 

encoding of specific speech patterns is efficient during early development.  

Demonstrating that the context-specific acoustic features of phonemes are encoded at a 

neural level will supports the view that rapid encoding of unique acoustic patterns of 

words within auditory cortex is the process supporting word learning early in 
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development and supporting rapid and efficient speech perception of words in the mature 

system.  Furthermore, determining stages for cortical processing of acoustic and 

linguistic aspects of speech stimuli in adult populations is a necessary for understanding 

speech perception in adults and during native-language development.  

Previous studies have demonstrated that the influence of native-language speech 

perception begins after approximately 200 ms (Shafer, Schwartz & Martin (in press); 

Shafer, Schwartz, & Kessler, 2002). The influence of native-language speech perception 

in the earlier sensory-obligatory components of the ERP waveform from fronto-central 

(P1N1P2 complex) and lateral temporal sites (T-Complex) has not been investigated.  

The P2 peak within the P1N1P2 complex has been shown to reflect heightened awareness 

of auditory stimuli following exposure (Reinke, He, Wang, & Alain, 2003) and, 

therefore, the P1N1P2 complex has been assumed to precede cortical processes 

contributing to speech perception in a serial manner (Naatanen &Winkler, 1999; 

Ceponiene, Alku, Westerfield, Torki & Townsend, 2005; Tremblay & Kraus, 2002).  

Alternately, it is possible that cortical processing of the acoustic and linguistic aspects of 

the speech signal involve parallel processes and, therefore, the P1N1P2 complex may not 

precede cortical processes underlying speech perception (Davis and Zerlin, 1966; 

Naatanen & Winkler, 1999).  The current research examines stages of cortical processing 

of the acoustic and linguistic aspects of the speech signal in the English and Polish 

listeners.  The information obtained can be used in future research as a basis for 

comparison with communicatively impaired populations.  For example, children having 

speech and language impairment may show cortical-level processing deficits involving 

the acoustic and/or linguistic aspects of the speech signal.   
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In the current project, behavioral and event-related potential measures are used to 

investigate speech perception and various stages of speech processing.  Behavioral tasks 

of speech perception provide information about the end result of speech perception.  

Event-related potentials substantiate the behavioral response and provide information 

regarding earlier stages of speech processing.  

Event-related potential (ERP) methodology is a safe, non-invasive time-sensitive 

measure of neural processing.  ERPs provide information about stages of speech 

processing, which is not available using behavioral methodology alone.  ERPs record 

electrical signals at the surface of the scalp that are time-locked to a stimulus and provide 

information about underlying neural processes occurring over time in the auditory, 

cognitive systems.  Electrical signals on the surface of the scalp are amplified and the 

ERP responses to numerous stimulus trials are averaged (Picton, Linden, Hamel & Maru, 

1983).   

The origin of the cortical ERP is, predominantly, extracellular potentials derived 

from synaptic activity from large neural ensembles obtained under specific conditions.  

For example, activity of neuronal groups must be synchronous and neurons within the 

neural group must have the same spatial orientation.  The pyramidal cell, the dominant 

cell of the cortex, has apical dendrites in parallel allowing for synchronous current flow.  

Potentials from brain areas with cells that do not have the same spatial orientation (e. g., 

thalamic relay cells, basal ganglia) are cancelled and will not be detected within the ERP 

waveform.  Hence, ERP waveforms are not a complete representation of neural activity.  

Also, electrical activity measured at the scalp reflects the summation of neural activity 

and, therefore, the intracranial source of neural activity cannot be isolated from surface 
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ERP measures (Steinschneider & Dunn, 2002; Eggermont, 2007).  Nevertheless, ERP 

measures provide information pertaining to stages of neural speech processing that lead 

to cortical processes underlying speech perception. 

The current dissertation examines the effect of a natural variable, exposure or lack 

of exposure to a particular consonant cluster (/pt/) within a particular context (word 

onset) during language development on speech perception and on early and late stages of 

neural speech processing. The methodology permits an investigation of the manner in 

which the acoustic features of speech are registered in cortical auditory pathways and 

translated into the integrated neural signal necessary for the process of speech perception.  

In chapter 2, we report our investigation of the phonotactic influence on 

perception of the consonant cluster /pt/ in Polish and English listeners.  Specifically, we 

ask if English listeners perceive the /pt/ consonant cluster in the same manner as 

native‐Polish listeners and whether neural activity, indexed through event‐related 

potentials, matches the perception of the native‐language groups.  To determine 

perception, we contrast the onset /pt/ cluster with the segment /p´t/ in word onset 

(e.g., “petunia”) nonsense words.  Also, we compare perception of the pt contrast (i.e., 

/pt/ versus /p´t/ in word onset within nonsense word stimuli) with an st contrast (i.e., /st/ 

versus /s´t/ in word onset within nonsense word stimuli), which is a phonological 

contrast in both Polish and English.  All nonsense word stimuli are potential real words in 

Polish and English with the exception of nonsense words having onset /pt/ which is an 

illegal form in English.  By comparing two specific sound contrasts, the st and pt 

contrasts, that are both phonological contrasts in the Polish language also permits us to 
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examine the effect of the acoustic aspects of native-language phonemes on neural speech 

processing. 

In chapter 3, we investigate whether the acoustic distinctions in the experimental 

stimuli are registered in the brains of the native-language groups in the same manner.  

The P1N1P2 complex and the T-Complex, both sensory obligatory components to the 

physical-acoustic change in ongoing sound stimuli, are examined.  Specifically, we ask 

whether the P1N1P2 and T‐Complex responses to the four word forms in the 

experimental stimuli (i.e., 2‐syllable pt onset (e.g., /ptimA/), 3‐syllable pt onset (e.g., 

/p´timA/), 2‐syllable st onset (e.g., /stimA/) and 3‐syllable st onset (e.g., /s´timA/) 

are the same in native‐Polish and native‐English language groups.   

In Chapter 4, we conclude by summarizing the findings in chapters 2 and 3.  We 

discuss the significance of the results and plans for future research. 
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The phonotactic influence on the perception of a consonant cluster /pt/ by 

native­English and native­Polish listeners: 

A behavioral and ERP study 
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INTRODUCTION 

Sounds within the speech signal are processed by their acoustic features in 

cortical auditory pathways (Steinschneider, Schroeder, Arezzo & Vaughan, Jr., 1995; 

Steinschneider, Volkov, Fishman, Oya, Arezzo, & Howard III, 2005).  These acoustic 

features of speech sounds, in some way, are integrated into word-like units to which 

meaning can be attached. The acoustic features of a phoneme (e.g., /p/) vary depending 

on the context of that phoneme, that is, the specific sound, which precedes or follows, or 

the presence or absence of a period of silence preceding or following.  As an example, if 

/p/ is heard in syllable onset (e.g., pat), the phone consists of a rapid rise in the first 

formant frequency during opening of the lips. If /p/, on the other hand, is heard in syllable 

coda (e.g., tap), the phone consists of a rapid fall in the first formant frequency, related to 

lip closure for the /p/ (Bordon, Harris, & Raphael, 2003 p 113).  The phonotactic rules of 

a language (i.e., the permissible sequences of phonemes, including consonant clusters in 

onset and coda positions) determine all the allowable contexts of a phoneme.  The 

phonotactic rules of a language, also, determine the stress patterns of a language and the 

acoustic features of phonemes vary in stressed and unstressed syllables.  Stressed 

syllables, compared to unstressed, have a higher fundamental frequency, increased 

intensity and duration (Bordon et al., 2003 p 122).  By exploring the influence of the 

phonotactic rules (allowable phoneme contexts) of a language on speech perception, we 

highlight the role of the acoustic features in auditory speech processing. “In auditory 

word recognition…it is commonly assumed that some sort of sound-based representation 

that captures phonological information establishes contact between the acoustic signal 

and word meaning (Praamstra and Stegeman, 1993, p 74).”  We explore the nature of the 
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sound-based representation in word recognition and the role of the acoustic features of 

phonemes in speech perception. 

To explore the sensitivity of the auditory and cognitive systems to the contextual 

effects of the native-language, we examined the consonant cluster /pt/.  The phonotactic 

rules of English permit the /pt/ consonant cluster to occur at the end of words, but not in 

word onset. The probability of /pt/ occurring in word onset in English is zero using a 

phonotactic probability calculator based on a 20,000 word data base (Vitevitch & Luce, 

2004).  In contrast, the /pt/ cluster occurs at the end of words (i.e., except) and as a 

regular and irregular past tense form in words (i.e., jumped; slept).  In conversational 

speech, English listeners hear sequences of phonemes such as ptina, in sentences like “He 

slept in a bed”, however, sequences of phonemes like ptina are never heard without a 

preceding vowel.  Likewise, the /pt/ cluster is never heard following pauses or following 

consonants closing preceding words.  We, therefore, do not expect native-English 

listeners to be sensitive to the acoustic features of the /pt/ cluster in word onset.  

Phonotactic rules of a language affect production and perception of speech.  

Consonant clusters, that are not native to a language, are difficult to produce.  Lack of 

exposure to a consonant cluster in the native-language, such as /zg/ in the onset of the 

nonsense word “zgomu”, prevents English speakers from producing the cluster in the 

same way as native speakers.  English speakers produce non-native clusters such as /zg/ 

without properly timed co-articulation (Davidson and Stone, 2004).  Similarly, listeners 

of a language have difficulty perceiving non-native consonant clusters.  For example, 

because the simple syllable structure of Japanese does not allow for complex consonant 

clusters, or consonants in the coda (i.e., syllable final position), Japanese listeners 
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perceive a vowel between two consonants when a vowel is not present.  A nonsense word 

such as “ebzo” is perceived as “ebuzo” by Japanese listeners (Dupoux, Hirose, Kakahi, 

Pallier & Mehler, 1999).  Also, Halle, Segui, Frauenfelder and Meunier (1998) found that 

the legality or illegality of consonant clusters within the same syllable influence 

perception.  Onset clusters, illegal in the French language (i.e., /tl/ and /dl/ within 

nonsense words, example “tlabdo”), were divided into ten acoustic segments that became 

progressively longer.  The initial segment was approximately 10 ms and the final segment 

was a whole syllable of approximately 190 ms in duration.  Participants perceived the 

initial segments as dentals (i.e., /t/ or /d/) but once features of the /l/ segment appeared, 

the clusters were perceived as velar clusters (i.e., /kl/ or /gl/) which are legal phonotactic 

structures in syllable onset in French.  Hence, the clusters were, erroneously, perceived as 

probable sequences in the native language.  

Infants become aware of the phonotactic patterns of the native-language before 

the end of the first year of life at a time when they are only beginning to comprehend 

word meanings (Jusczyk, Friederici, Wessels, Svenkerud & Jusczyk, 1993).  Jusczyk et 

al., suggest that infants attend to and encode native-language sound patterns and, 

subsequently, lexical meaning is attached (p 641).  Furthermore, Jusczyk, Luce and 

Charles-Luce (1994) discovered that 9-month-old infants are not only aware of the 

phonotactic patterns of their native language, but are aware of the frequency of 

phonotactic patterns in their language.  Nine-month-olds, but not 6-month-old infants, 

were found to prefer to listen to CVC nonsense word lists that contained phoneme and 

phoneme sequences that had a high frequency (and high probability) in the language 

rather than CVC nonsense words containing phoneme and phoneme sequences of low 
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frequency (and low probability) in the language.  Together, these findings suggest that 

neural patterns for word-units begin to form early in development and the frequency of 

the sound combinations are encoded in the neural pattern.  Also, after brief exposure, 

infants can detect word-units of an artificial language (e.g., 3-syllable nonsense words) 

from a string of syllables (Saffran, Aslin & Newport, 1996).  The researchers suggested 

that the infants learned the order of syllables within the words through statistical 

probability learning, an inferred cognitive skill.  A cognitive skill may not be necessary, 

however, because the features of phonemes change with each context making each 

phoneme sequence unique.  Therefore, the acoustic features can provide the link for the 

phoneme sequence within word-like units. The native-language phoneme sequence is the 

language experience mapped as the neural code.  As the infant matures, the native-

language phoneme sequences are processed automatically, whereas, non-native phoneme 

sequences are not (Strange & Shafer, 2008).  

Acoustic features of phonemes that change with context affect lexical activation 

within priming tasks. (see McQueen, Dahan, Cutler, 2003 for a review of the research).  

For instance, voice onset time (VOT), has been shown to affect lexical activation within a 

semantic priming task. A word containing an ambiguous onset consonant (e.g., /k/) with 

an altered VOT (a sound between a /k/ and /g/) acted as a semantic prime, however, the 

altered features of the ambiguous sound resulted in slower lexical activation.  This pattern 

suggests that the acoustic features influence lexical processing (Andruski, Blumstein & 

Burton, 1994).  Luce’s Paradigmatic and Syntagmatic model (PARSYN) model 

recognizes a sub-phonemic unit, the allophone, in lexical activation. “…Allophonic units 

are “interconnected” and phonotactic patterns of the language and frequency of sound 
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patterns affect their strength for lexical activation” (Luce, Goldinger, Auer, & Vitavitch, 

2000; Vitavitch, 2007).  An alternative model is that the acoustic feature is the basic unit 

of words, which is consistent with cortical speech processing (Steinschneider et al., 1995; 

2005).  The allophone as a basic unit in word recognition cannot be realized because 

speech co-articulation does not permit segmentation into allophonic units (Borden et al., 

2003).  Furthermore, acoustic features as the underlying basic unit of words allows for a 

feasible word recognition process.  Languages have a limited number of sounds and a 

large variety of words that can be accessed from sound combinations (McQueen et al., 

2003).  The acoustic features of phonemes in a word’s sound sequence constrain the 

possibilities in word recognition because there is a unique acoustic pattern for each 

phoneme sequence, which forms the word.   

We suggest that recognition of words can be derived directly from acoustic 

features without an intermediate allophonic or phonemic level of processing.  Acoustic 

features, as the basic unit in word recognition, explain infant detection of phoneme 

sequences because the acoustic features link the phonemes.  Also, Acoustic features as 

the basic unit, explains the influence of the features in priming studies of lexical 

activation and constrains the possibilities in word recognition.  Furthermore, a model in 

which acoustic features are the basic unit in word recognition is consistent with cortical 

speech processing and speech co-articulation. 

English listeners experience the /pt/ cluster in their language, but not in word 

onset, the context examined.  The context (i.e., word onset) modifies the acoustic features 

of the /pt/ cluster.  Fine-grained timing of speech processing available from 

neurophysiological data should reveal sensitivity to acoustic information. 
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Psychoacoustic Salience 

It has been suggested that in addition to native-language input, psychoacoustic 

salience of phoneme contrasts affects perception (Strange & Shafer, 2008, Burnham, 

1986).  Burnham (1986) proposed that phonological contrasts vary on a robust/fragile 

continuum with robust contrasts having a “strong psychoacoustic basis” and fragile 

contrasts having a “weaker psychoacoustic basis” (p 209).  He supported his position by 

stating that the degree of salience of phonemes’ acoustic features affects how widespread 

particular phonemes are in the world’s languages, at what age children no longer perceive 

contrasts when they are not meaningful in the language, and the ease of which the 

contrasts are restored in older children and adults with training.  The two sound contrasts 

in the current experiment (/pt/ versus /p´t/; /st/ versus /s´t/) differ in the initial phoneme, 

/p/ or /s/ and, therefore, in their acoustic features (e.g., duration).  We compare the two 

sound contrasts and consider the effect of the acoustic features on speech perception and 

the relationship to native-language perception. 

Salience has, also, been considered in terms of sonority (Berent, Steriade, 

Lennertz, & Vaknin, 2007).  Sonority is defined as “a scalar property of segments 

correlated with acoustic intensity.  Louder segments (e.g., /l/) are more sonorous than 

quieter segments (e.g., /p/, /t/).” (Berent et al., p 593).  Examination of phonotactic 

structures across the world’s languages suggests that sonority rises from the onset 

consonant of a word to the vowel and then declines.  For example, in “plank” sonority 

rises from -p- to -l- to -a- and then declines from -a- to -n- to -k.  Phoneme sequences 

within lexical units that follow sonority rules are termed unmarked and are common in 

the world’s languages and phoneme sequences that do not follow sonority rules are 
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termed marked and are rare.  Berent et al., examined the influence of native-language 

experience on perception of both native and non-native consonant clusters.  Furthermore, 

Berent et al., explored English listeners’ sensitivity to the markedness of non-native 

consonant clusters.  Onset consonant clusters were examined in nonsense words that were 

marked to different degrees on the sonority scale.  The nonsense words had either a rise 

in sonority (e.g., /bn/, /dl/; obstruent-nasal or obstruent-liquid), a plateau (e.g., /bd/, /pt/; 

obstruent-obstruent) or a fall in sonority (e.g., /mg/, /lb/; liquid-obstruent, nasal-

obstruent).  If a language has onset consonant clusters with a more marked type of 

sonority pattern, they will also have the less marked patterns.  So if a language has a 

plateau sonority pattern (e.g., /pt/), then it will also have a small rise sonority pattern 

(e.g., /pn/) and the expected large rise pattern (e.g., /pl/).  Interestingly, the authors point 

out that the S-stop onset consonants are an exception to the sonority rule and are common 

in the world’s languages.  Berent et al., examined these three types of non-native onset 

consonant clusters in single-syllable nonsense words that became progressively more 

marked from a small rise in sonority (e.g., “pnaef”), to a plateau in sonority (e.g., 

“ptaef”), to a fall in sonority (e.g., “rpaef”).  The nonsense words were matched with 

disyllabic nonsense words in which a schwa occurred between the two consonants in the 

cluster (e.g., “penaef”, “petaef”, “repaef”).  A Russian speaker produced the nonsense 

word stimuli because the Russian language contains these patterns.  A task requesting 

English and Russian participants to determine the number of syllables in the nonsense 

words revealed significant group differences.  The Russian listeners had no difficulty 

determining the number of syllables in the stimuli, confirming the importance of the 

native-language in speech perception.  English listeners, on the other hand, performed 
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poorly and their accuracy in identifying the single-syllable nonsense words (e.g., “pnaef”, 

“ptaef,” “rpaef”) as having one syllable became significantly worse as the consonant 

cluster types became more marked. The researchers concluded that there is a “knowledge 

that is related to sonority” but this knowledge does not necessarily have to be sonority but 

could be some other factor that correlates with sonority (Berent et al., p 624).  This 

research suggests that some characteristic of the consonant clusters examined, none of 

which were native in the English language, affected perception.  In examining perception 

of the consonant cluster /pt/, we compare native-English and native-Polish listeners 

because the Polish language has /pt/ in word onset and the English language does not.  

We compare /pt/ to /st/ because /st/ occurs in both languages in word onset.  Also, 

because the Polish language has both onset clusters, /pt/ and /st/, we consider their 

differing acoustic features in speech perception. 

Event-Related Potential Research 

As we have seen, various behavioral methods have been employed in examining 

the phonotactic influence on speech perception.  Behavioral measures provide 

information about perception or the end result of a task.  Event-related potentials (ERP), 

also employed in speech perception research, provide information about underlying 

processes in the auditory and cognitive systems during perception of speech and 

language.  Event-related potentials are electrical signals recorded at the surface of the 

scalp that are time-locked to a stimulus and provide information about underlying neural 

processes occurring over time in the auditory and cognitive systems.  In order to detect 

the electrical (ERP) response to the stimulus relative to random brain activity, the 

electrical signals on the surface of the scalp are amplified and the ERP responses to 



 17 

numerous stimulus trials are added and averaged (Picton, Linden, Hamel & Maru, 1983).  

Electrical activity measured at the scalp reflects the summation of neural activity 

(Steinschneider & Dunn, 2002).     

Acoustic Level of Processing 

Evidence of speech processing at the acoustic level has been found for the 

P1N1P2 complex (Martin, Tremblay & Stapells (2007).  The P1N1P2 response to the 

changing acoustic features or sounds within a word has been termed the acoustic change 

complex (ACC) (Martin et al., 2007; Kaukoranta, Hari & Lounasmaa, 1987; Ostroff, 

Martin, and Boothroyd, 1998).  The ACC has been shown to be highly sensitive to 

changes in intensity, frequency and duration (Martin et al., 2007).  For example, auditory 

stimuli having low pitch result in larger N1 and P1 amplitudes than stimuli having high 

frequency pitch (Crowley & Colrain, 2004); Therefore, words beginning with /p/ are 

expected to have a larger N1P1 amplitude than words beginning with /s/ phoneme.  

Auditory cortex on the superior temporal plane is the primary contributor to the P1N1P2 

complex recorded from fronto-central electrode sites (Martin, Tremblay, & Korczak, 

2008; Steinschneider & Dunn, 2002; Naatanen & Picton, 1987). 

The T-complex is a negative-positive-negative wave with the first negative peak 

around 70 to 80 ms (i.e., Na), a positive peak around 100 ms (Ta) and a large negativity 

around 140-160 ms (Tb), obtained from lateral temporal electrode sites (Shafer, Schwartz 

& Martin, in press; Tonnquist-Uhlen, Ponton, Eggermont, Kwong, & Don, 2003; 

Naatanen & Picton, 1987; Wolpaw & Penry, 1975).  Dipole source modeling suggests a 

T-complex source in secondary auditory cortex on the lateral surface of the superior 

temporal gyrus and is at least partially independent from the P1N1P2 complex (Ponton, 
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Eggermont, Khosla, Kwong, & Don, 2002). 

Evidence of phonological contrast within words/nonsense words (lexical access) 

has been demonstrated in ERP components beginning around 200 ms post word-onset 

(Shafer, Schwartz & Martin, in press; Shafer et al., 2002; Connolly & Phillips, 1994).  

These findings suggest that phonological information is enhanced in the auditory 

pathways at these later stages of processing (for details pertaining to enhancement of 

acoustic signals in cortical speech processing see Steinschneider, Fishman & Arezzo, 

2003).  The acoustic contrasts within the words/nonsense words are likely registered at 

earlier processing stages.  Thus, early components, such as the P1N1P2 complex at 

fronto-central sites and the T-Complex component (i.e., Na, Ta and Tb components) are 

expected to reflect acoustic-levels of processing.  In contrast, late components, the PMN 

(Connolly & Phillips, 1994) and the N400 are expected to reflect phonological levels of 

processing. 

Phonological-Lexical Processing 

Information about phonological contrasts that are meaningful in the language can 

be derived from tasks requiring lexical access.  The N400 ERP component, a negative 

deflection around 400 ms post-word onset at centro-medial electrode sites, is elicited 

during tasks of lexical access. A more negative deflection of the N400 component is 

interpreted as greater “effort” in accessing a lexical item (Nobre & McCarthy, 1994; 

McCallum, Farmer, & Pocock, 1984; Nobre & McCarthy, 1994; Holcomb, Grainger, & 

O’Rourke, 2002).  Also, the N400 component has been found to reflect phonological 

differences between spoken words/nonsense words, with a greater negativity elicited for 

words and nonsense words that are less similar phonologically than more similar 
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phonologically.  The phonological N400 has a somewhat different topography than the 

“semantic” N400 in that this response was large at lateral parietal sites (Praamstra & 

Stegeman, 1993; Praamstra et al., 1994; Shafer, Schwartz & Kessler, 2002).  Studies by 

Connolly and colleagues show an ERP component that is sensitive to phonological 

expectation appearing earlier than the N400, at 275 ms post word onset. 

In a recent study, the T-complex and a component peaking around 350 ms from 

left frontal-temporal sites were examined in response to phonological differences in 

words (Friedrich et al., 2009).  Participants were presented with a phonological priming 

task in which the prime fragment (1) was identical to the initial syllable of the target word 

(identity condition, e.g., dra-dragon), (2) was a variation of the initial syllable of the 

target word in that only the initial phoneme was different (variation condition, e.g., kra-

dragon), or (3) was completely different from the initial syllable of the target word 

(control condition, e.g., hun-dragon).  Both the identity and variation conditions showed a 

reduced T-complex from left lateral electrode sites when compared with the control 

condition (ISI range: 291 ms - 731 ms). The minimal phonemic contrast distinguishing 

the identity and variation conditions, however, was not reflected in the T-complex but 

was reflected in a later positive component peaking around 350 ms from left anterior 

electrode sites. “Both the T-complex and the P350 suggest a dominance of radial left-

temporal neural sources underlying the neural priming effects” (p 5).  The less distinctive 

phonological contrast (meaningful in the language), distinguishing the identity and 

variation conditions, was not reflected in the earlier T-complex component.   

Conscious Responding  



 20 

Speech perception tasks involve conscious behavior.  The late positive component 

(LPC) has been shown to reflect a conscious process during tasks of stimulus evaluation.  

The LPC also termed P300, P3, and P3b is a positive wave peaking 300 ms or later that 

reflects cognitive processing, generally, in tasks requiring an overt response.  It is 

affected by numerous variables involved in stimulus evaluation and response selection.  

Johnson’s P300 amplitude model (1986) claimed that once a stimulus is “transmitted” 

through factors involving attention and certainty, other variables that affect P300 

amplitude can be classified within the categories of stimulus complexity, task 

complexity, stimulus value and probability.  The neural processes reflected by the LPC 

component are not clearly understood, likely, because it is a composite of multiple brain 

activity (Picton, 1992; Luck, 2005) and has multiple brain sources (Steinschneider & 

Dunn, 2002; Picton, 1992). 

Eliminating a participants’ overt response in behavioral tasks reduces or 

eliminates the LPC component. For instance, research by O’Rourke & Holcomb (2002) 

required participants to listen to words and pseudowords in word lists.  In a first 

experiment, participants performed a lexical decision task and an LPC following the 

N400 component occurred.  In a second experiment, participants were instructed “to 

carefully pay attention to all spoken stimuli” (p 137) but were not required to perform a 

behavioral response.   An LPC did not occur in this follow-up experiment.  In addition, 

Holcomb et al., (2002) found the LPC component to mask the N400 component in a task 

involving overt responding.   In a first experiment, an N400 and LPC component were 

elicited from participants engaged in a lexical decision tasks using words and 

pseudowords as stimuli.  In a follow–up experiment, participants no longer engaged in a 
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lexical decision task.  Rather, they were asked to respond only to “body part” lexical 

items, which were not included as experimental stimuli.  Once again, as in the study by 

O’Rourke & Holcomb (2002), the LPC was not elicited and the N400 component elicited 

was more negative than in the first experiment, suggesting that the LPC was masking the 

N400 response to some degree. 

Both perceptual variables involved in stimulus evaluation (e.g., ease of 

discriminability of stimuli) and variables involved in response selection (e.g., 

compatibility of response such as a button response performed on the same or opposite 

side as presented stimuli) have been found to affect the LPC (McCarthy & Donchin, 

1981; Leuthold & Sommer, 1998; Luck, 1998; Isreal, Chesney, Wickens & Donchin, 

1980).  Pertinent to decision making for a native or non-native linguistic contrast is an 

early finding by Squires, Hillyard and Lindsay (1973) of a positive vertex potential 

between 300-450 ms (right mastoid reference), termed P3, reflecting the level of certainty 

in detection of a threshold level tone.  When participant’s confidence ratings for detecting 

a signal tone were high, P3 amplitude was greater than when confidence ratings were 

low.  High confidence ratings for hits (report signal detected and signal occurred) resulted 

in greater P3 area than low confidence rating for hits.  High confidence ratings for false 

alarms (report signal detected and signal absent) resulted in a greater P3 area than low 

confidence ratings for false alarms.  Also, Picton & Hillyard (1974) demonstrated that the 

P3 component is affected by attention to the stimulus. 

Furthermore, the LPC has been shown to reflect phonological contrast within 

words (Schwartz, Maxfield, Gross & Shafer, in preparation).  In a same-different 

judgment task, participants heard same and different real word pairs (e.g., caught-caught; 
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tip-dip; fate-fake) and same and different nonsense word pairs.  The words (nonsense 

words) in the different pairs contained a phonological contrast in word onset or coda and, 

as in the current study, natural recorded words (or nonsense words) were used as stimuli.  

An LPC around 500 ms followed an N400 component.  The LPC was greater for the 

second word of the different pairs than for the second word of the same pairs with an 

earlier latency when the phonological contrast occurred in word onset and a later latency 

when the phonological contrast occurred in word coda.  The LPC response was larger for 

real word than for nonsense word pairs.  In the current experiment, the N400 and the LPC 

allow us to determine if perception of the sound contrasts in the behavioral task are 

mirrored in the neural signal (ERP). 

Overview 

To explore the contextual effects in the native-language, we examined the 

consonant cluster /pt/ in word onset.  Nonsense word stimuli in the current experiment 

consisted of same word pairs or different pairs.  Different word pairs (e.g., /ptimA-

p´timA/) contain a contrast that occurs in English in word final (e.g., “trumped/trumpet”), 

but not in word onset.  In the Polish language, the /pt/ cluster occurs in word onset (e.g., 

“ptak” – “bird”).  The contrast sequence within the nonsense words, that is /p´t/ occurs in 

English (e.g., “petunia”) as well as in Polish (e.g., “petycja” – “petition”; “Petronella” - a 

fairy tale character).  Native-Polish and native-English listeners were tested to determine 

the effect of native-language experience on perception of the consonant cluster /pt/.  Both 

native-English and native-Polish groups are exposed to the consonant cluster, /pt/ in their 

language, but only one group (native-Polish) experience the cluster in the phoneme 

context examined, word onset.  The consonant cluster /st/ (e.g., Polish, “stal” – “steel”; 
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English, “stop”) and the phoneme sequence /s´t/ having the unstressed schwa (e.g., 

Polish, “suterena” – “basement”; English, “sateen”) occur in both languages in word 

onset and are examined as an experimental control.  Furthermore, because both clusters 

(/pt/ and /st/) occur in the Polish language in word onset, we compare the effect of the 

acoustic characteristics of the sequences on native-language perception.  Our research 

questions whether English listeners perceive the /pt/ consonant cluster in the same 

manner as native-Polish listeners and whether neural activity, indexed through event-

related potentials (N400 and LPC), matches the perception of the native-language groups.  

In addition, acoustic measurements corresponding to the /pt/ and /p´t/ sequences in the 

nonsense words were obtained in order to determine physical-acoustic events contrasting 

the word onset sequences in the stimuli.  Also, acoustic measurements compare the /pt/ 

and /st/ contrasts. 

 A behavioral task conducted while recording event-related potentials, required 

participants to determine if the target nonsense word (i.e., second word) in the nonsense 

word pairs had two or three syllables.  The behavioral task, not only required the 

participant to detect a contrast between the two and three syllable words, but, also 

required a more difficult meta-linguistic type skill. The level of difficulty of task 

demands has been found to influence performance in speech perception (Strange & 

Shafer, 2008).  Also research, including training studies, has demonstrated that second 

language learners have the ability to detect non-native phoneme and consonant cluster 

contrasts, although the majority of subjects do not achieve a native-like level of 

performance (Davidson, Shaw & Adams, 2007; Strange & Shafer, 2008; Birdsong, 

2005).  The task design of determining whether the target nonsense word has two or three 
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syllables was chosen to ensure that participants listened to the whole word, because it 

was believed that listening to the whole word was necessary for obtaining the N400 

component (see Praamstra & Stegerman, 1994).  A phonological priming task design was 

used in the current experiment to examine the presence or absence of a neural response 

(i.e., ERP) to a phonological contrast.  If a linguistically-relevant contrast is detected in 

the different pairs relative to the same pairs, we expect it to be reflected in ERP 

components of lexical processing (N400) and conscious processing (LPC). 

Hypothesis 

Behavioral Task: We hypothesized that Polish listeners would determine whether 

pt nonsense words had two or three syllables with greater accuracy than the native-

English listeners.  Both groups would perform the task for the st nonsense words with the 

same level of accuracy. 

ERP-Target word stimuli: We predicted a larger N400 for the target word in 

different pairs compared to the target word in same pairs when the phonological contrast 

was linguistically-relevant for the language group (Praamstra & Stegeman, 1993; 

Praamstra et al. 1994; Shafer et al., 2002).  Therefore, we expected an N400 greater for 

the pt target word in different pairs (i.e., /ptimA-p´timA/) when contrasted with the pt 

target word in the same pairs (i.e., /p´timA-p´timA/) for the native-Polish language 

group, but not the native-English language group, because the contrast /pt/ vs /p´t/ is 

linguistically-relevant in word onset only in the Polish language.  A greater N400 to the 

target word of the different pair would indicate new neural firing in response to the novel 

stimulus word because the contrast that is meaningful in the language was perceived.  We 

expected a greater N400 in response to the st target word in the different pairs (i.e., 
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/stimA-s´timA/) when compared to the target word in the same pairs (i.e., /s´timA-

s´timA/) for both language groups because the phonological contrast /st/ vs /s´t/ occurs in 

both English and Polish word onset.  The research findings of Schwartz et al., (in 

preparation) led to an additional prediction.  We hypothesized that the phonological 

contrast within our nonsense word stimuli might also be reflected in the LPC component.  

Again, the phonological contrast would be reflected in the ERP response, only for the 

language groups for which the contrast is linguistically relevant.  A greater LPC for the 

linguistically-relevant contrast (in the different pairs relative to the same pairs) would 

indicate that the contrast segment in the target word was detected within the process of 

stimulus evaluation necessary for the decision making process.  Speech perception of the 

contrast /pt/ vs /p´t/ was predicted to be reflected in the LPC for the native-Polish group, 

only.  Speech perception of the contrast /st/ vs /s´t/ was predicted to be reflected in the 

LPC equally, for both groups.  Also, the phonological contrasts may be reflected in the 

LPC response only, because a large LPC response may mask the N400 component 

(Holcomb et al., 2002).  

If the English listeners are able to detect the non-native language contrast in word 

onset and this detection is mirrored in the N400/LPC response then the experience of 

having the sound contrast within the language, albeit within a different context (i.e., /pt/ 

vs /p´t/ contrast in word final context; “trumped/trumpet”) may be sufficient for 

development of perception of a sound contrast.  In contrast, if the English listeners are 

unable to detect the non-native language contrast in word onset (i.e., /pt/ vs /p´t/) within 

the behavioral task and the performance is mirrored in the N400/LPC response, then the 
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acoustic characteristics of the /pt/ cluster present within the word onset context are 

encoded within the neural speech signal for speech perception.  The stages of neural 

processing for speech perception are the subject of Chapter 3. 

Our predicted findings, if confirmed, will establish the acoustic features of 

phonemes as intrinsic aspects of the auditory signal in speech processing. We, also, will 

have demonstrated to what extent the perception revealed in behavioral tasks can be 

substantiated through neurophysiological means.  Furthermore, if the neurophysiological 

response to the pt and st contrasts (i.e., /pt/ vs /p´t/ and /st/ vs /s´t/) differ for the Polish 

participants, then factors in addition to native-language experience are involved in speech 

perception. 
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METHOD 

Participants 

Thirteen native-English listeners (8 female and 5 male) between the ages of 21 

and 35 (mean = 29 years) and 13 native-Polish listeners (8 female and 5 male) between 

the ages of 23 and 34 years (mean = 30 years) were included in the study.  The behavioral 

data from one male Polish participant was lost due to a computer error.  Therefore, 

behavioral data from 12 native-Polish listeners and 13 native-English listeners was 

included for analysis.  Data from one English participant was excluded from ERP 

analysis because the participant passed the hearing screening in one ear, only.  ERP 

analysis was, therefore, conducted on 12 English and 12 Polish participants. 

The native-Polish listeners were bilingual Polish-English speakers who had 

emigrated from Poland to the United States as young adults after 15 years of age.  The 

English listeners reported having no exposure to Polish or other Slavic languages that 

contain /pt/ as a consonant cluster in word onset.  Participants were without a history of 

speech, language, or cognitive impairment.  Participants passed a hearing screening at 

25dB HL (500 Hz, 1 KHz, 2 KHz, and 4 KHz; Welch-Allyn Audioscope 3, calibrated 

1/9/07; All testing was conducted between March & June, 2007).  Two Polish and one 

English participant were left-handed; all others were right-handed. 

Stimuli 

Natural speech stimuli consisted of nonsense words recorded from a male 

bilingual Polish-English speaker (age 26 years) who came to the United States at the age 

of six years old.  After learning English, the speaker continued to converse with his 

family in Polish and, in fact, was not permitted to speak English in the home.  The 
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speaker attended a full day of Polish school (through the Polish consulate) once per week 

through 11th grade. 

The nonsense words were recorded with a Shure SM48 microphone, Earthworks 

microphone, Preamp lab 101 using the software program, Sound Forge, version 4.5 

(Build 49) on a Dell Dimension XPS B800 Pentium III computer with Sound Card, 

Creative SB Live! Basic (WDM).  The stimuli were recorded with a sampling rate of 

22,050, sample size16 bit, channels mono.  The original recordings were saved and 

transferred to discs.  Selected nonsense word stimuli were copied to separate files and 

preceding and following silence intervals were removed. Selected stimuli were 

normalized to -20 dBVU and DC offset was set to zero (Sound Forge version 4.5). 

Two and 3-syllable nonsense words beginning with /pt/, /p´t/, /st/, /s´t/ (e.g., 

/ptukA/, /p´timA/, /stEsA/, /s´tIlA/) were recorded.  All stimuli were potential real words 

in Polish and English with the exception of all nonsense words that began with /pt/, 

which is an illegal phonotactic form in English.  The vowels heard in the penultimate 

syllable of the nonsense words were vowels that are present in the Polish and English 

language.  Nonsense words in the pt and st conditions were matched for rhyme as closely 

as possible.  Specifically, the nonsense words in the pt conditions had a counterpart 

matched for rhyme in the st conditions (e.g., ptEsA, p´tEsA, stEsA, s´tEsA) or a counterpart 

closely matched for rhyme (e.g., ptIvA, p´tIvA, stIfA, s´tIfA). The mean and range for the 

nonsense word lengths for each word type are as follows: three-syllable pt nonwords, 

mean = 552 ms, range 481- 675 ms; two-syllable pt nonwords, mean = 490 ms, range 417 

ms – 604 ms; three-syllable st nonwords, mean = 698 ms, range 633 – 801 ms; and two-

syllable st nonwords, mean = 622 ms, range = 551 – 698 ms. 
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Four pt conditions and four st conditions were created, each condition consisting 

of 100 nonsense word pairs (800 nonsense word pairs in total).  The eight stimulus 

conditions and examples of nonsense word pairs are provided in Table 2.1.  Words within 

pairs were different tokens, but were matched for pitch contour.  Word pairs were 

delivered with a 250 ms inter-stimulus interval (ISI) and a 2000 ms inter-trial interval 

(ITI). 

E-Prime software, version 1.1 (on Dell Precision PWS 670 Intel (R) computer) 

was used for stimulus presentation, data collection and scoring.  Stimuli were delivered in 

a sound-treated, electrically shielded room and presented through speakers.  They were 

presented at an intensity ranging from 51 to 63 dB SPL  (Sound level meter: B&K 2203 

with a B&K 4144 mic, “A” weighting). 

Procedure  

Participants were instructed to decide if the second nonsense word in the pair (i.e., 

target) had two or three syllables. A response key labeled two on the left side of the 

keypad was pressed for two syllable words and a response key labeled three on the right 

side of the keypad was pressed for three syllable words.  A key press could be made 

during presentation of the target word or during the 2-second interval between trials.  

Participants received verbal instruction and practice on twenty nonsense pairs.  Visual 

feedback specifying correct or incorrect response was provided during the practice 

portion of the experiment. 

 Nonsense word pairs for the experimental portion of the design were presented in 

10 blocks with 80 pairs in each block.  Stimulus pairs were randomized within blocks and 
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the blocks were presented in a random order.  A short break was given between each 

block where the participant was asked how they were faring.  

Means scores, median scores, and standard deviation (SD) scores were calculated 

for the behavioral data.  Accuracy on four pt and four st conditions was calculated and 

language groups were compared using the nonparametric Fisher-Exact Test (Siegel & 

Castellan, 1988). 

Acoustic Analysis 

We questioned why Polish listeners should have poorer performance on the 3-

syllable pt nonsense words relative to the 2-syllable nonsense words. Therefore, we 

closely examined the acoustic properties of the stimuli for 9 of our native-Polish 

participants. Twenty 3-syllable nonsense word stimuli (tokens) were incorrectly 

identified as having 2-syllables by at least 4 of the subset of Polish participants.  These 20 

tokens were analyzed using Multispeech waveform and spectrogram tools (Multispeech 

software on a Dell Intel (R) Pentium (R) computer) and compared to the 243 nonsense 

word stimuli that were correctly identified as having 2 or 3-syllables by all 9 participants.  

First, we listened to the initial syllable of the pt 3-syllable words for the presence or 

absence of voicing for the vowel.  Note that it is possible to hear voicing in a single 

syllable that may not be perceived when heard within the whole 3-syllable word.  The 

243 stimulus nonsense words correctly identified as having 2 or 3-syllables by a 

subgroup of Polish participants were also analyzed to determine the acoustic features that 

distinguished the 2 and 3-syllable nonsense words.  The prime and target words for all 

different pt pairs were measured for total word length, length of the burst for /p/, length 

of the vowel and number of pitch periods (i.e., schwa between the /p/ and /t/ in 3-syllable 
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pt words), length of the silence and burst for /t/, and length of the penultimate syllable’s 

vowel.  Increased length of the penultimate syllable vowel, either for the 2 or 3-syllable 

nonsense words, would indicate greater stress, a possible acoustic distinction for the 

Polish listeners.  The target word measure (e.g., word length) was subtracted from the 

prime word measure to provide a difference score.  For example, the word length of 

/ptimA/ subtracted from the word length for /p´timA/ for the nonsense word pair /p´timA-

ptimA/ was obtained.  Significance was tested using a single sample T-test. 

Additional acoustic measurements compared the duration of the /st/ and /pt/ 

clusters, duration of the /s´t/ and /p´t/ segments and duration of the schwa within the 

word onset segments.  A T-test for independent variables was used for statistical analysis. 

EEG Data Acquisition 

The Geodesic System (Electrical Geodesic, Inc) was used for data collection.  A 

65 channel Geodesic Sensor Net with silver/silver-chloride (Ag/AgCL) plated electrodes 

encased in soft sponges was placed on the head.  To facilitate conduction, the sponge-

encased electrodes were soaked in a saline solution before being placed on the scalp. The 

placement on the scalp for each electrode was gently rubbed with saline solution and the 

sponge-encased electrode was carefully positioned.  Prior to recording data, we 

confirmed that impedance levels for each electrode were at or below 40 kOhms, an 

acceptable level for the high-impedance amplifiers used (Ferree, Luu, Russell & Tucker, 

2001).  Electrodes placed above and below the eyes monitored eye movements and eye 

blinks.  The EEG was recorded with a sampling rate of 250 Hz, was bandpass filtered 

between 0.1 and 30 Hz and referenced to Cz.   
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After recording, the continuous EEG was processed for segmenting, averaging, 

artifact rejection and baseline correction using Net Station software (Version 4.1.2).  The 

continuous recording was segmented into epochs consisting of a 200 ms baseline and a 

1600 ms post-onset segment.  Artifact rejection was set at  +/- 70 microvolts.  Data from 

bad channels were replaced by spline interpolation.  Data was baseline corrected from -

100 ms to 0 ms and re-referenced to an average reference. 

Data Analysis 

Four comparisons were analyzed in the ERP data in response to the target word 

stimuli.  The ERP response to the target word of the same pairs  (pt same, 2-syllable; pt 

same, 3-syllable; st same, 2-syllable; st same, 3-syllable) was compared to the ERP 

response to the target word of the different pairs (pt different, 2-syllable; pt different, 3-

syllable; st different, 2-syllable, st different, 3-syllable, respectively).  For example, the 

target word of the same pair condition (/p´timA-p´timA/) was compared to the target 

word of the different pair condition (/ptimA-p´timA/); the target word in these two 

stimulus conditions is the same, the only difference being what precedes the target word, 

a same word (actually, a different token of the same word) or a different word.  A greater 

response to the target word of the different pair relative to the same would reflect 

detection of the sound contrast within the different pair. 

The four comparisons in the ERP data were examined using Global Field Power 

(GFP) and current source density maps.  

Global Field Power Analysis (GFP)  

Temporal regions of interest in the grand mean waveforms were determined using 

global field power  (GFP) to first reduce the data.  GFP is the variance across electrode 
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sites and provides an objective reference-free measure of maximum brain activity across 

latency (Sussman, Steinschneider, Gumenyuk, Grushko, & Lawson, 2008; Shafer, 

Ponton, Datta, Morr & Schwartz, 2007; Lehmann & Skrandies, 1980). This measure 

provides an indication of overall power from all electrodes to a response. GFP (for each 

participant) was calculated by obtaining the standard deviation of the amplitude measure 

from all 64 channels at each data point across time. 

Current Source Density Analysis (CSD)    
 
Current Source Density (CSD) maps were used to identify spatial regions of 

interest and to predict the source of the current flow in response to target stimuli. CSD is 

the second spatial derivative of the raw voltage potential (Sussman et. al., 2008; Perrin et 

al., 1989) performed with Brain Electric Source Analysis (BESA EEG V5.1; 2005).  CSD 

emphasizes shallow depth current flow, which suggests sources in neocortex and CSD 

transformations correspond more accurately to current sinks and sources within auditory 

cortex than raw voltage data (Steinschneider et al., 1992; Pernier et al., 1988).  Statistical 

analyses were applied to the CSD transformed data. 

ERP data used in the statistical analyses consisted of CSD transformed amplitude 

values averaged across 48 ms time windows (12 data points).  The data are from one 

electrode site or, in the case of the LPC component, the mean response from two 

electrode sites.  Electrode placements are shown in Figure 2.1.  CSD transformed data for 

the LPC were examined at posterior-parietal electrode sites including the average 

response from sites 34 and 38 (central-posterior parietal sites), the average response from 

sites 42 and 46 (right-posterior parietal sites) and the average response from sites 28 and 

29 (left-posterior parietal sites).  CSD data for a fronto-central positivity at 400 ms 
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(P400) were obtained from midline-frontal site 4, left-frontal site 9, and right-frontal site 

58.  CSD transformed data for a temporal component between 280 and 400 ms was 

examined from temporal electrode sites including, site 20 (left-anterior temporal, AL), 

site 24 (left-posterior-temporal, PL), site 56 (right-anterior temporal, AR) and site 52 

(right-posterior temporal, PR).  An early temporal negativity (Tb wave of the T-

Complex) peaking at 184 ms was examined at temporal sites including, site 20 (left-

anterior temporal, AL), site 24 (left-posterior-temporal, PL), site 56 (right-anterior 

temporal, AR) and site 52 (right-posterior temporal, PR).   

Mixed ANOVA were calculated (12 native-English and 12 native-Polish) as the 

between subject factor with stimulus, time and site as the within subject factors.  Voltage 

data used in the statistical analyses consisted of amplitude averaged across 48 ms time 

windows (12 data points).  Only significant main effects and interactions involving 

condition are reported.  Significant interactions were followed up with a step-down 

analysis or with Tukey’s HSD post hoc tests (p < .05).  Greenhouse-Geisser correction 

was applied for three or more factors of site. The Fisher-Exact Test, similar to Chi 

Square, but for small samples, (Siegel & Castellan, 1988) was used to examine 

differences in behavioral accuracy between the groups. 
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  RESULTS 
 
Behavioral Results 

st conditions: Mean, median and standard deviation scores for the four st 

conditions can be seen in Table 2.2 and Figure 2.2.  Both the Polish and English groups 

determined whether the target word in the st pairs had 2 or 3 syllables with near perfect 

accuracy.  Accurate performance on the syllable identification tasks indicates that the 

participants were able to distinguish the 2 and 3 syllable st words.  Twelve Polish (out of 

12 participants) and 11 English participants (out of 13 participants) responded with 90% 

accuracy or greater for all four conditions.  Using the 90% criteria, the Fisher-Exact Test 

revealed the language groups were not different (p = .4800).  

pt conditions: Mean, median and standard deviation scores for the four pt 

conditions can be seen in Table 2.2, Figure 2.3.  The native-Polish listeners determined 

whether the target words in the pt conditions have 2 or 3 syllables at well-above chance 

levels.  The English listeners responded at above-chance levels for the 3-syllable pt 

condition target words, but only at chance level for the 2-syllable target words.  Recall 

that the English language has 3-syllable words in word onset (e.g., petunia) but does not 

have 2-syllable words (/pt/ onset). Using a criteria of 80% or greater on all four pt 

conditions for each individual, The Fisher-Exact Test revealed a significant group 

difference (p = .0052). The Polish participants scored high on the pt conditions with 

mean scores of 90% and 94% on the 2-syllable target word conditions and 81% and 84% 

on the 3-syllable target word conditions.  Mean scores, for the English group, were 

similar to the Polish group on the 3-syllable target word conditions (i.e., 85% and 82%).  

Mean scores on the 2-syllable target conditions were low for the English group, 43% and 
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42% on the same 2-syllable and different 2-syllable conditions, respectively.  These 

findings indicate that the English participants identified the 2-syllable pt words as having 

two syllables at chance levels (see individual performance described below). 

Individual data, st conditions: Percentage correct scores for individual 

participants for the st conditions showed high accuracy on all conditions for both groups 

with little variability between subject scores as shown in Table 2.3.   

Individual data, pt conditions: Examination of the individual data for the pt 

conditions revealed that the Polish participants were consistent in their pattern of 

response. In contrast, the English participants showed different patterns of responding 

(Table 2.4).  The majority of English participants scored well above chance levels for the 

3-syllable target conditions, but scored from 0% to 50% correct response when presented 

with 2-syllable target nonsense words.  This indicates that some English participants, 

when presented with 100 two-syllable nonsense words beginning with /pt/ incorrectly 

responded 100 times indicating that the words had 3-syllables.  A few English 

participants responded with very high accuracy levels for the 2-syllable target nonsense 

words.  When these same subjects were presented with 3-syllable target nonsense words, 

however, responding fell to chance levels indicating that the contrast was not perceived 

and that they showed a bias for the 2-syllable response.  As shown in Table 2.4 and 

Figure 2.3, variability of scores was high for the English participants on the pt conditions, 

as expected.   

Summary pt and st stimuli: In summary, both the English and Polish listeners 

identified the st nonsense words as having 2 or 3-syllable with a high degree of accuracy 

indicating that they differentiated the 2 and 3-syllable st word forms with ease.  The 
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Polish group identified the 2 and 3-syllable pt words with better than 80% accurately and 

with a consistent pattern of response.  In contrast, the English listeners’ performance on 

the syllable identification task demonstrated that they were unable to distinguish the 2 

and 3-syllable pt words.  The English group identified the 2-syllable pt words at chance 

levels.  In addition, individual English participants who identified the 2-syllable pt words 

as having two syllables at better than chance levels, identified the 3-syllable words at 

chance levels only indicating that they were unable to distinguish the 2 and 3-syllable pt 

words.  Only one out of the thirteen English participants was able to identify both the 2 

and 3-syllable pt words at better than chance levels (see Table 2.4, English participant 5).  

This English participant reported being fluent in the German language, possibly 

influencing speech perception of the pt contrast. 

Acoustic analysis of pt conditions  

Statistical analysis of duration measurements that compare the mean duration for 

the st and pt experimental stimuli follows.  The mean duration of the onset /st/ and /pt/ 

consonant clusters in our experimental stimuli differed by 97 ms (mean /pt/ cluster: 135 

ms, SD 11.6 ms; mean /st/ cluster 232 ms, SD 23.5 ms: t = - 37.469, p < .01).  The mean 

duration of the onset /s´t/ and /p´t/ segments differed by 108 ms (mean /p´t/ segment: 

173 ms, SD 13.2; mean /s´t/ segment: 281 ms, SD 24: t-value 34.6, p < .01).  The schwa 

within the /s´t/ and /p´t/ segments also differed. The mean duration for the schwa within 

the /p´t/ segment was 27 ms (SD 13.4) and the mean duration of the schwa within /s´t/ 

segment was 36 ms (SD = 11.8) (T = - 4.440; p < .01). 

The following results include only pt stimuli within correct response trials (for 

Polish participants).  Total word length was greater for 3-syllable pt nonsense words than 
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for the 2-syllable nonsense words (p < .01; mean difference for two contrast conditions 

were 60 and 61, respectively. The presence of a vowel and pitch periods (i.e., schwa 

between the /p/ and /t/ consonants) was also different for the contrast nonsense pairs.  The 

3-syllable pt nonsense words had visible evidence of a vowel with a mean length of 37 

ms (range: 18 – 72 ms; p < .0005).  One to 5 pitch periods were counted for the schwa 

between the /p/ and /t/ consonants in the 3-syllable nonsense words.  Length of the burst 

of the /p/, length of the silence for occlusion of /t/, length of the burst for /t/, and the 

length of the vowel in the penultimate syllable were not different for the 2 and 3-syllable 

nonsense words.   

Twenty 3-syllable nonsense word stimuli (tokens) were incorrectly identified as 

having 2-syllables by at least four of nine Polish participants, a subset of the 12 Polish 

participants in the experiment.  The acoustic characteristics of these 20 tokens were 

compared to the 243 nonsense word stimuli that were correctly identified as having 2 and 

3-syllables by all 9 participants.  First, we listened to the initial syllable of the pt 3-

syllable words for the presence or absence of voicing for the vowel.  Voicing was not 

apparent on the vowel for the 20 tokens that were incorrectly identified (3-syllable pt 

items).  In contrast, voicing of the vowel in the initial syllable was perceived within all 3-

syllable words within the 243 trials having correct responses (i.e., 111 3-syllable pt 

words).  This procedure indicated that there were 20 nonsense word stimuli that may not 

have been spoken in a native-like manner by our bilingual English-Polish speaker 

accounting for the incorrect responses to the 3-syllable items by the native-Polish group.  

It is also possible that some part of the poorer performance of the native-Polish listeners 

perceiving 3-syllable pt nonsense words (compared to 2-syllable pt nonsense words) may 
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be due to features related to sonority and, therefore, the 3-syllable pt words may be 

inherently more difficult for the Polish listeners (see Berent et al., 2007). 

Because these twenty 3-syllable pt stimuli incorrectly produced by our speaker 

were identified, a subset of ERP data was created by removing experimental trials 

containing the twenty incorrectly perceived token nonsense words from the data set along 

with the matched 2-syllable pt nonsense words and 2 and 3-syllable st nonsense words. 

(see Appendix A for details and the ERP response to the data subset shown in Figures 

A.2.1 through A.2.4) 

ERP responses to target word stimuli 
 
The results for the target word data are presented in the order of late latency ERP 

components to early latency components.  GFP for the grand mean data from each 

language group revealed latency regions of interest.  Spatial regions for the latencies of 

interest were then determined from grand mean current source density maps.  Temporal 

sites were examined because previous literature suggests language-related differences 

reflected from lateral temporal sites (Friedrich et al., 2009).  Also secondary auditory 

cortical activity on the lateral surface of the superior temporal gyrus has a small reflection 

area on the surface of the scalp and may not be evident in the GFP.  In this manner, the 

following components were identified for analysis: 1. A late positive component (LPC) 2. 

A positivity around 400 ms (P400) 3. A temporal negativity (280 ms, 328 ms, 376 ms; 

TN) 4. Tb component of the T-complex, (184 ms).  

Late latency ERP response  

GFP showed differences between the same and different targets in a late time 

interval for both language groups in response to the st contrast and, for the Polish group 
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only, in response to the pt contrast.  GFP and CSD analysis follow for the st and pt-

contrasts in the 3 and 2-syllable conditions.  Also, difference waves (i.e., ERP response to 

the target word of the different pair minus the response to the target word of the same 

pair) were calculated.  The ERP responses to the same and different conditions were 

compared using ANOVAS for the 2-syllable and 3-syllable conditions, separately. Recall 

that the 3-syllable different pair contains a 3-syllable target word preceded by a 2-syllable 

word and the 2-syllable different pair contains a 2-syllable word preceded by a 3-syllable 

word. 

 Late Latency Cortical ERP Responses: st contrast 

GFP st contrast 3-syllable: GFP analysis revealed apparent differences in the 

time windows between 472 ms and 712 ms, as shown in Figure 2.4. Analysis of the 6 

time intervals between 472 ms and 712 ms, revealed a main effect of condition 

(Condition (2) x Time (2) x group ANOVA; F (1,22) = 3.662; p = .006; partial eta 

squared = .294) and no significant interactions involving condition and language group.  

The response to the different target was greater than the same target by .424 µV (mean 

different = 2.497 µV, std.err. = .193; mean same = 2.073 µV, std. err. = .144).  A 

language group difference does not quite reach significance (F (1, 22) = 3.662, p = .069). 

The English group showed a larger difference between the same and different targets than 

the Polish group.  An additional unpredicted pattern was a significant latency x group 

interaction (F (5, 110) = 4.808; p = .001; partial eta squared = .179) with a rise in GFP at 

later latencies for the English participants and a fall in GFP at later latencies for the 

Polish participants.  
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 GFP st contrast 2-syllable: A peak in GFP is evident for the 2-syllable st-target 

words in the same and different pairs for both language groups beginning around 372 ms 

and continuing through approximately 856 ms, as shown in Figure 2.5.  A very large 

difference for the contrast is evident for the English group relative to the Polish group.   

The main effect of condition (472 ms – 712 ms: F (1,22) =4.058; p = .056; partial eta 

squared = .156) approached significance and the interaction of condition by language 

group was significant (F (1,22) =4.382; p = .048; partial eta squared = .166).  The 

response to the different target was greater than the same target by .442 µV (mean 

different = 2.528, std.err. = .259; mean same = 2.086 uV, std. err. = .128).  

CSD LPC: st contrast 

The late latency GFP corresponded to a posterior parietal positivity in the CSD 

maps as shown in Figure 2.6.   

CSD LPC st contrast 3-syllable: An analysis, comparing 2 conditions (same, 

different) X 7 time intervals (424 through 712ms) X 3 sites (midline, right, left) in all 

participants (12 Polish, 12 English) revealed a main effect of condition (F (1,22) 

=13.643; p = .001; partial eta squared = .383).  The response to the different target was 

greater than the same target by .051 µV (mean different = .111, std.err. = .012; mean 

same = .060, std. err. = .012).   A significant interaction involving condition x site x 

group (F (2, 44) =3.241; p = .049; partial eta squared = .128) is shown in Figure 2.7.  A 

step-down procedure followed for each electrode site, separately.  Analysis at averaged 

midline posterior parietal sites (34/36) revealed a main effect of condition (F (1,22) 

=4.607; p = .043; partial eta square = .173) and no significant interactions. The response 

to the different target was greater than the same target by .047 µV (mean different = .098, 
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std.err. = .025; mean same = .051, std. err. = .024).  Analysis at the averaged right-

posterior parietal site (42/46) found a significant main effect of condition (F (1, 22) 

=12.525; p = .002; partial eta square = .363) and a significant interaction of condition x 

group (F (1, 22) = 6.421; p = .019; partial eta square = .226).  Tukey HSD applied to the 

condition x group interaction revealed only the English participants’ response to the same 

and different target to differ significantly (p < .01) at the right-posterior parietal site as 

shown in Figure 2-8. The response to the different target was greater than the same target 

by .067 µV (mean different = .113, std.err. = .016; mean same = .046, std. err. = .018).  

Analysis at the left-posterior parietal sites (28/29) in response to the st contrast (3-

syllable) revealed no main effect of condition or interaction.  

CSD LPC st contrast 2-syllable:  A 2 (same, different) X 7 (424ms – 712 ms) X 3 

sites (midline, right, left) ANOVA for the English and Polish participants revealed a main 

effect of condition (F (1, 22) =7.117; p = .014; partial eta square = .244). A greater 

positive response for the target word preceded by a different word than the same occurred 

with a difference of .033 µV (mean different = .087, std.err. = .013; mean same = .054, 

std. err. = .016).  A significant interaction of condition x time (F (6,132) = 3.918; p = 

.021; partial eta squared = .151) was evident and post hoc comparisons found the st 

contrast to be significantly different for the four time intervals between 472 and 616 ms 

(p < .01).  A significant condition x site (F (2, 44) = 6.487; p = .004; partial eta squared = 

.228) and follow-up Tukey HSD found the st contrast (2-syllables) to be different only at 

averaged left-posterior parietal sites (28/29) (p < .01).  

Summary, Late Latency ERP Response st conditions: In summary, analysis of 

GFP in response to the st conditions revealed a late latency component with a peak 
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beginning around 500 ms. The CSD analysis indicated that the GFP difference was 

greatest at posterior parietal scalp sites within the LPC component.  Detection of the st 

contrast was reflected within the LPC by both language groups from midline and right-

posterior parietal sites.  Furthermore, a greater LPC response to the st contrast for the 

English group relative to the Polish group was evident at the right-central posterior 

parietal sites (3-syllable).  Also, 2 and 3-syllable conditions showed a different 

topography, with an LPC difference for the 2-syllable contrast significant only from left-

posterior parietal sites.  A rise in GFP at later time intervals for the English participants 

and a fall in GFP at later time intervals for the Polish participants (3-syllable) was 

significant suggesting processing differences for the language groups.  

Late Latency Cortical ERP Responses: pt contrast 

GFP pt contrast 3-syllable:  The response to the pt-target word (3-syllable) in the 

different pair resulted in a larger GFP than in the same pairs for the Polish language 

group but not the English group beginning around 328 ms and continuing through 712 

ms, as shown in Figure 2.9.  A sharp peak at 400 ms and a broader flat peak after 500 ms 

are apparent.  A 2 (Condition) x 8 (Time) x 2 group ANOVA revealed a latency x group 

interaction similar to that found in response to the st stimuli F (7, 154) = 11.680; p = 

.000; partial eta squared = .347). No significant main effect or interaction including group 

was found (Condition x group: F (1, 22) = 1.728; p = .202) for the Polish and English 

participants between 376 and 712 ms.  

GFP pt contrast 2-syllable: A larger GFP for the 2-syllable pt words in the 

different pairs occurs for the Polish group but not the English language group beginning 

around 300 ms as shown in Figure 2.10.  A greater GFP response to the contrast occurs 
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for a long time window beginning around 400 ms, reflecting the LPC component.  A 2 

(Condition) x 8 (Time) x 2 group ANOVA revealed a significant interaction of latency x 

group, which does not interact with condition (F (7, 154) = 10.276; p =.000; partial eta 

squared = .318).  The apparent differences to the 2-syllable pt target words in the same 

and different conditions did not reach significance (Condition x group: F (1, 22) = 1.995; 

p =.172) for the combined Polish and English participants.  

CSD LPC: pt contrast 

The late latency GFP in response to the pt contrast corresponded with a posterior 

parietal positivity in the CSD maps as shown in Figure 2.11. 

CSD LPC pt contrast 3-syllable: Analysis of the 3-syllable pt-contrast in a 2 

(same, different) X 8 (376 ms through 712 ms) X 3 (midline, right, and left) x 2 (Polish, 

English) mixed ANOVA found no main effect of condition but an interaction of 

condition by group that was marginally significant (F (1, 22) = 3.96; p= .059; partial eta 

squared  = .145).  A step down procedure, analyzing the language groups separately 

revealed no main effect of condition or significant interactions for either group.  As 

shown in Figure 2-8, English and Polish language groups demonstrated a different pattern 

of mean response to the pt contrast (3-syllable).  Whereas, Polish participants showed a 

larger mean response to the different target, English participants showed a larger mean 

response to the same target at right posterior parietal sites. The difference wave analysis 

(below), therefore, compares the group response.  

CSD LPC pt contrast 2-syllable: A Condition (2) x 8 (Time) x 3 (Site) x 2 groups 

mixed ANOVA found a main effect of condition (F (1, 22) = 6.086; p= .022; partial eta 

squared  = .217). The LPC to the different target was greater than the same target by .025 
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µV (mean different = .049, std.err. = .010; mean same = .024, std. err. = .011).  No 

significant interactions were found.  The difference wave below compared the group 

response. 

CSD LPC Difference Wave pt contrast 3-syllable: A Condition (2) x 8 (Time) x 3 

(Site) x 2 groups mixed ANOVA for the pt difference wave showed a marginally 

significant main effect of group (F (1,22) =3.737; p = .059; partial eta squared = .145) 

and no significant interactions.  

CSD LPC Difference Wave pt contrast 2-syllable: A Condition (2) x 7 (Time) x 3 

(Site) x 2 groups mixed ANOVA did not reveal a significant main effect or significant 

interactions.   

Summary, Late Latency ERP Response pt conditions: The Polish group showed a 

greater GFP to the pt different target relative to the same and the English group showed 

no effect or a reverse effect.  The apparent GFP differences between the English and 

Polish groups, however, did not reach significance.  CSD analysis revealed that the GFP 

difference was found at posterior parietal sites.  Statistical analysis of the response within 

the LPC component revealed language group differences approached significance.  Also, 

a different processing pattern, not related to the sound contrast, for the language groups is 

evident in GFP in response to the pt conditions (3 and 2-syllable).  

Comparison of the st 3-syllable and pt 3-syllable contrast in difference wave:  A 2 

(st difference wave, pt difference wave) x time (7) x site (3) x group mixed ANOVA 

found a main effect of condition (F (1, 22) = 8.545; p = .008; partial eta squared = .28) 

and an interaction of condition x group that approached significance (F (1, 22) = 4.013; p 

= .058; partial eta squared = .154).  Tukey’s post hoc comparison revealed that English st 
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and pt difference waves were significantly different from each other (p = .011), whereas, 

the Polish st and pt difference waves were not (p = .914).  The main effect of condition 

for the combined groups found the st wave and pt wave to differ by .109 µV (mean 

different = .114, std.err. = .012; mean same = .005, std. err. = .008).  Analyzing the st and 

pt difference waves (3-syllable) in the English group, separately, found a significant main 

effect (F (1, 11) = 10.282; p = .008; partial eta squared = .483; st and pt waves differed by 

.076 µV (st mean  = .066 std err. = 020; pt mean  = -.01, std. err = .009).  Analysis of the 

Polish group found no significant effects. 

This comparison established that the Polish group response to the pt contrast was 

significantly different than the English response because the st difference wave was 

significantly different from the pt difference wave only for the English group.  

Cortical ERP responses between 232 ms and 424 ms: st contrast  

GFP analyzed in response to the st and pt contrasts between 232 ms and 424 ms, 

captures a middle peak in the GFP waveform as shown in Figures 2.4, 2.5, 2.9, and 2.10.  

The middle GFP peak corresponded to a fronto-central positivity and a temporal 

negativity evident in CSD maps as shown in Figures 2.12 through 2.15.   

GFP st contrast 3-syllable: Analysis of 5 latency periods, 232 ms through 424 ms 

revealed a significant main effect of condition (F (1, 22) =15.571; p = .001; partial eta 

squared = .414 and a significant interaction of condition x time (F (4, 88) =4.149; p = 

.004; partial eta squared = .159.  Post hoc comparisons found the contrast to be 

significantly different for the last four time intervals between 280 and 424 ms (p < .01).  

GFP st contrast 2-syllable: As shown in Figure 2.5, the pattern of greater 

response to the different target relative to the same in response to the 2-syllable condition 
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begins at 376 ms. Analysis of the time intervals 376 and 424 ms revealed a significant 

main effect of condition (F (1, 22) = 12. 648, p = .002, partial eta squared = .365) with 

the different target showing greater amplitude than the same target by .495 µV (mean 

different = 2.272, std.err. = .136; mean same = 1.777, std. err. = .108).  A condition x 

time x group interaction was also significant (F (1, 22) = 4.954; p = .037; partial eta 

squared =.184).  A step down analysis of the English group revealed a significant main 

effect of condition (F (1,11) = 9.929; p = .009; partial eta squared = .474) and condition x 

time interaction (F (1,11) = 5.639; p = .037; partial eta squared = .339).  The st contrast 

was significantly different at both time intervals (Tukey HSD: p < .01).  Analysis of the 

Polish group found no significant main effect or interaction. 

CSD: A peak in GFP between 232 and 424 ms to the st contrast, 3-syllable 

conditions, and at a later time window for the 2-syllable conditions, corresponded to a 

fronto-central positivity and a left-posterior temporal negativity in CSD maps as shown in 

Figures 2.12 and 2.14.  The fronto-central positivity, which peaks at 400 ms will, 

henceforth, be termed P400 and the temporal negativity will, henceforth, be termed TN.   

An inverse relationship is evident for the P400 and TN waveform response as shown in 

Figure 2.16. 

CSD P400: st contrasts 

CSD P400 st contrast 3-syllable:  A (2 (same, different) x 2 (376, 424 ms) x site 

(central, left, right) x group ANOVA revealed no main effect of condition and a 

significant interaction of condition x site (F (2, 44) = 4.897; p = .015; partial eta squared 

= .176).  A large positive amplitude was found for the different compared to the same 

target at the frontal-central site 4 (p < .01).  Analysis at fronto-central site (site 4) found a 
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main effect of condition (F (1,22) = 6.567; p = .018; partial eta squared = .230) and no 

significant interactions involving condition.  The different target was more positive to the 

same target by .102 µV (mean different = .144, std.err. = .043; mean same =.042, std. err. 

= .024).  

CSD P400 st contrast 2-syllable:  The response to the 2-syllable st contrast 

revealed no significant main effect of condition or interaction.   

Cortical ERP responses between 232 ms and 424 ms: pt contrast  

GFP pt contrast 3-syllable:  A greater GFP difference between the same and 

different targets to the pt contrast (3-syllable) was evident for the Polish compared to the 

English group for the time intervals between 232 and 424 ms.  The condition (2) x time 

(5) x group (2) ANOVA revealed a main effect of condition that approached significance 

(F (1, 22) = 3.833; p = .063; partial eta-squared = .148).  A condition (2) x time (5) 

ANOVA on the Polish group separately revealed a main effect of condition (F (1, 11) = 

6.565; p = .026; partial eta-squared = .374).  The conditions differed by .238 µV (mean 

different target = 1.995, std. err. = .165; mean same target = 1.757, std. err. = .152). The 

same analysis on the English group data separately revealed no significant main effect (p 

= .82) or interactions. 

GFP pt contrast 2-syllable:  The same analysis for the 2-syllable condition found 

a significant condition x time x group interaction (F (4, 88) = 3.207; p = .017; partial eta-

squared = .127) showing a larger mean GFP to the different target relative to the same for 

the final two time intervals for the Polish group data but not the English data as shown in 

Figure 2.17.  Analysis of the English and Polish groups separately, in a step down 

procedure, found no significant main effect or interaction.   
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CSD P400: pt contrasts  

The peak in GFP around 375 ms to the pt contrast (3-syllable) corresponds to a 

fronto-central positivity and temporal negativity in CSD maps as shown in Figure 2.13 

and 2.15.   

CSD P400 pt contrast 3-syllable: A condition (2) x time (376, 424 ms) x site 

(central, left, right) x group ANOVA in response to the pt contrast (3-syllable) revealed a 

main effect of condition (F (1, 22) = 9.297; p = .006; partial eta squared = .297).  The 

difference between the different target and the same target was  .031 µV (mean different 

= .053; std. err. = .021; mean same = -0.011; std. err. = .02).  A significant interaction of 

condition x time x site x group was also found (F (2, 44) = 4.413; p = .037; partial eta 

squared = .167).  A step down procedures analyses site. An analysis of the midline 

fronto-central site revealed a main effect of condition (F (1, 22) = 5.372; p = .030; partial 

eta squared = .196) and a significant condition x time x group interaction (F (1, 22) = 

4.285; p = .05; partial eta squared = .163).  The targets differed by .063 µV (mean 

different = .062, std. err. = .032; mean same = -.001, std. err. .029.  Further step down 

analysis of the response to the pt contrast from the fronto-central site at 376 ms in a 

condition (2) x group (2) ANOVA revealed a significant main effect of condition (F (1, 

22) = 6.174; p = .02; partial eta squared = .219). The means differed by .096 µV (mean 

different = .082; std. err. = .032; mean same = -.014, std err. = .03).  The fronto-central 

site examined at 424 ms in a condition (2) x group ANOVA revealed a significant main 

effect of condition (F (1, 22) = 4.303; p = .05; partial eta squared = .164). The means 

differed by .058 µV (mean different = .043; std. err. = .033; mean same = -.015, std err. = 

.029). A condition (2) x time (376, 424 ms) x group ANOVA from the right-frontal site 
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revealed a main effect of condition (F (1, 22) = 7.603; p = .011; partial eta squared = 

.257).  Analysis of left-frontal site for the latencies 376 and 424 ms revealed no 

significant main effect or interaction.  Fronto-central and right-frontal sites of interest are 

examined in each group separately.  The English group (Condition (2) x Time (2) x Site 

(2)) demonstrated a significant main effect of condition (F (1, 11) = 9.467; p = .011; 

partial eta squared = .463).  The targets in the contrast conditions differed by .078 µV 

(different mean = .072, std. err. = .026; same mean = -0. 006; std. err. = .026).  The Polish 

group showed no significant main effect of condition and a condition x time interaction 

that approached significance. (F (1, 11) = 4.193; p = .065; partial eta squared = .276; 

Tukey HSD: 376 ms p = .000; 424, p = .019).  

CSD P400 Difference wave pt contrast 3-syllable: A time (376, 424 ms) x site 

(central, left, right) x group ANOVA found a significant time x site x group interaction (F 

(2, 44) = 4.413; p = .037; partial eta squared = .167).  A step-down procedure analyses 

site.  As shown in Figure 2.18, analysis of the midline fronto-central site revealed a 

significant time x group interaction (F (1, 22) = 4.285; p = .05; partial eta squared = .163) 

in which the Polish group showed an earlier positivity at 376 ms relative to the English 

group.  Post hoc analysis found the group response was not significantly different at 

either time interval.  Analysis of left and right frontal sites separately revealed no main 

effect or interaction.   

CSD P400 pt contrast 2-syllable:  A condition x time (376, 424 ms) x site 

(midline, left, right) ANOVA revealed no main effect of condition or interactions.  

CSD P400 Difference wave pt contrast 2-syllable: A comparison of Time (2) X 

Site (3) x group revealed no main effect of group and a significant interaction of time x 
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group (F (1, 22) = 16.961; p = .000; partial eta squared = .435).  Tukey HSD comparisons 

revealed the language groups were not significantly different at either latency.  

Summary, P400: In summary, neural detection of the acoustic difference between 

the pt and st different pairs by both language groups was reflected in the P400 response.  

Different group processing latencies in response to the pt contrast (3-syllable), however, 

suggests influence of the native-language.  Analysis of the difference wave (pt 3-syllable) 

at the midline fronto-central site revealed a significant group x time interaction showing 

an earlier latency response to the pt contrast by the Polish participants.  Post hoc 

comparisons of the group response at each time interval were not significant. 

CSD TN: st contrast 

CSD TN st contrast 3-syllable: A condition (2) x time (328, 376) x site (AL, AR, 

PL, PR) x group ANOVA revealed no main effect of condition, a significant condition x 

time (F (1,22) = 5. 788; p = .025; partial eta squared = .208) and condition x site 

interaction (F (3, 66) = 3.053 p = .048; partial eta squared = .122).  Response to the 

contrast in the same and different condition was significant at both time intervals (Tukey 

HSD: p < .01).  Furthermore, post hoc comparisons of the condition x site interaction 

revealed the response to the st contrast to be significant only from the left-posterior 

temporal site (p = .022).  The response did not interact with group.  Analysis of language 

groups separately did not reveal significant main effects of condition or interactions. A 

step-down procedure to explore the hemisphere effect analyzed the posterior temporal 

sites, separately.  A condition (2) x time (328, 376) x site (PL, PR) analysis revealed no 

main effect of condition, a significant condition by time (F (1,22) = 5. 204; p = .033; 

partial eta squared = .191) and condition x site interaction (F (1,22) = 9.728, p = .005; 
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partial eta squared = .307.  Post hoc comparisons found the response to the contrast to be 

significant at both time intervals 328 ms (p = .000) and 376 ms (p = .015), but only from 

the left-posterior parietal site (p = .009) as shown in Figure 2.19.  Analysis of the 

hemisphere effect for the anterior temporal sites found no significant main effect or 

interactions.  

CSD TN difference wave st contrast 3-syllable: A time (2) x site (4) ANOVA 

revealed a main effect of time with the difference wave being more negative at 328 ms 

than 376 ms. (F (1, 22) = 5. 788; p = .025; partial eta squared = .208).  Analysis of the 

328 ms period separately finds no main effect. 

CSD TN st contrast 2-syllable: Analysis of the 2-syllable condition revealed no 

main effect or significant interaction.  

Summary, CSD TN st conditions: In summary, CSD analysis revealed a left-

posterior temporal negativity in response to the 3-syllable st different target (relative to 

the same) that did not differ for the language groups.  The conditions differed 

significantly at both time intervals, but the effect was greater at 328 ms.  

CSD TN: pt contrast 

CSD TN pt contrast 3-syllable: A condition (2) x time (328, 376 ms) x site (AL, 

AR, PL, PR) x group ANOVA revealed no main effect of condition and a significant 

condition x time interaction (F (1, 22) = 8. 783; p = .007; partial eta squared = .285).  

Tukey HSD post hoc analysis found the response to the pt contrast to be significantly 

different at both time intervals 328 ms and 376 ms (p < .01) although larger at 328 ms. 

Condition and group did not interact (p = .65), indicating the English group response was 

not different from the Polish.  The analysis from the four (AL, AR, PL, PR) sites applied 
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to the Polish group separately, however, found a significant condition x time interaction 

(F (1, 11) = 5.516; p = .039; partial eta squared = .334) that was not found in the English 

group data.  The Polish group data showed a larger effect of condition at 328 ms than 376 

ms.  Post hoc comparisons of the condition x time interaction, however, found the pt 

contrast (3-syllable) response to differ significantly at both latencies (328 ms, p = .000; 

376 ms, p = .015).  Also, a greater left-posterior temporal response was not evident for 

the pt contrast using a combined group analysis or an analysis with the language groups 

examined separately, as shown in Figure 2.19.   

A step down analysis of site follows, which more carefully examines the 

condition x time interaction.  Analysis of data from the left-posterior temporal site in a 2 

(Condition) x 2 (328, 376) x group ANOVA revealed no main effect and a significant 

interaction of condition x time (F (1, 22) = 8.782; p = .007; partial eta squared = .285). 

Post hoc comparisons revealed the conditions to differ significantly only for the first time 

interval, 328 ms (p < .01) as shown in Figure 2.20. The same analysis of data from the 

right-posterior temporal site revealed no main effect of condition or interactions. Analysis 

of the right-anterior temporal sites in a condition (2) x time (328, 376 ms) x group 

ANOVA revealed a main effect of condition (F (1, 22) = 4.992; p = .036; partial eta 

squared = .185).  The conditions differed by  -.078 µV (mean different = -.039, std. err. = 

.035; mean same = .039, std. err. = .021).  Also, a significant interaction of condition x 

time (F (1, 22) = 4.818; p = .039; partial eta squared = .180) was found.  Post hoc 

analysis of the condition x time interaction revealed the conditions to differ significantly 

for both time intervals (p < .01).  Analysis of the left-anterior temporal site revealed no 

main effect or significant interactions.  
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The right and left-anterior temporal sites each analyzed separately in the Polish 

group revealed no main effects or interactions involving condition. Also, the right and 

left-anterior temporal sites each analyzed separately in the English group revealed no 

main effects or interactions involving condition.  

The TN was also analyzed at earlier time intervals between 280 and 328 ms 

because averaged raw voltage data waveforms as shown Figure 2.21 revealed an earlier 

left temporal negative wave for the pt contrast relative to the st contrast.  A condition (2) 

x time (280, 328 ms) x site (AL AR, PL, PR) x group ANOVA revealed no significant 

main effect of condition or significant interactions.  Also, the possibility of a more 

anterior negativity than posterior negativity for the pt contrast was explored. A condition 

(2) x time (280, 328 ms) x site (AL, AR,) x group ANOVA revealed a main effect of 

condition that approached significance (F (1,22) = 4.105; p = .055; partial eta squared = 

.157) and no significant interactions.  The analysis for the right and left posterior 

temporal sites at 280 and 328 ms revealed no significant main effect or interaction. 

Analysis of the anterior and posterior temporal sites separately for the 280 ms time 

interval in 2 (Condition) x 2 (Sites) ANOVAs  revealed no main effect of condition or 

significant interactions involving condition. 

CSD TN pt contrast 2-syllable: A condition (2) x time (328 ms, 376 ms) x site 

(AL, AR, PL, PR) ANOVA revealed no main effect of condition and a significant 

condition x time x site x group interaction (F (3,66) = 2.783; p = .05; partial eta squared = 

.114). A step down analysis of the Polish group in a 2 (Condition) x 2 (Time) x 4 (Sites) 

ANOVA revealed no significant main effect of condition or interactions.  A step down 

analysis of the English group revealed a no main effect but a significant interaction of 
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condition x time x site (F (3, 33) = 4.054; p = .032; partial eta squared = .269. A follow 

up analysis of sites will further investigate the interaction.  An analysis of the left-

posterior temporal site in a 2 (Condition) x 2 (Time) x group ANOVA revealed no main 

effect and a marginally significant interaction of condition x time x group (F (1, 22) = 

4.275; p = .051; partial eta squared = .163).  The same analysis examining the English 

group separately found no main effect but a significant interaction of condition x time (F 

(1, 11) = 6.623; p = .026; partial eta squared = .376).  Post hoc comparisons revealed the 

condition differs for the later time interval (p < .01). Analysis of the left-anterior, right-

anterior and right-posterior temporal sites each separately in a 2 (Condition) x 2 (Time) x 

group ANOVA revealed no significant main effect of condition or significant interactions 

involving condition.  

Summary, CSD TN st and pt condition: In summary, a left-posterior TN was 

found in response to the st different target relative to the same (3-syllable) at 328 and 376 

ms although the effect was greater at 328 ms. Language groups were not different.   

A left-posterior TN was found in response to the pt different target relative to the 

same (3-syllable) at 328 ms and right-anterior TN at 328 and 376 ms.  A language group 

effect was not found when examining each site separately. 

Examining the Polish and English groups separately using data from all four 

temporal sites (AL, AR, PL, PR) at 328 and 376 ms revealed a minimal effect of 

language group because the pt conditions differed significantly for the 328 ms but not the 

376 ms time interval for the Polish group.  A similar interaction of condition x time was 

not found for the English group. 
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A language group effect was found for the 2-syllable pt contrast conditions.  An 

interaction of condition, time, and group was revealed at the left posterior temporal site.  

Analysis of the English group data at the left posterior temporal site revealed the same 

and different targets to differ significantly at 376 ms.   

CSD TN, comparison of st and pt difference waves 3-syllable: A comparison of 

the st and pt waveforms in a condition (st difference wave, pt difference wave) x time 

(280, 328, 376 ms) x site (PL, PR) ANOVA revealed no significant main effect and a 

significant condition x time interaction (F (2, 44) = 3.469; p = .04; partial eta squared = 

.136) showing the pt difference wave to be more negative than the st difference wave at 

280 ms and more positive than the st difference wave at 328 and 376 ms. A significant 

interaction of condition x site (F (1, 22) = 6.24; p = .02; partial eta squared = .220) was 

also found as shown in Figure 2.21.  Post hoc comparisons revealed that the st and pt 

difference waves did not differ significantly by time or site.  The same analysis on the 

anterior temporal sites revealed no significant main effect of condition or significant 

interaction involving condition.   

To further investigate the significant interactions at the posterior temporal sites a 

step down analysis of site was conducted.  Analysis of the left and right posterior 

temporal sites separately did not find a significant main effect or interaction involving 

condition. Analysis of the Polish group separately in a condition (st difference wave, pt 

difference wave) x time (280, 328, 376 ms) x site (PL, PR) ANOVA revealed no main 

effect of condition or significant interaction involving condition.  The same analysis on 

the English group data revealed no main effect but a significant interaction of condition x 
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time (F (2, 22) = 4.74; p = .019; partial eta squared = .301) showing a more negative pt 

difference wave at 280 ms and a more negative st difference wave at 328 and 376 ms.   

CSD T-Complex (Tb Component): st contrasts 

Condition x site x group ANOVAs were carried out for the time bin 184 ms, 

where the Tb complex peaked as shown in Figures 2.22 and A.2.3. 

CSD T-Complex (Tb Component) st contrast 3-syllable: A condition (2) x site 

(AL, AR, PL, PR) x group ANOVA revealed no main effect of condition or significant 

interaction involving condition.  A condition x site interaction approached significance 

(p=.069).  A follow-up analysis of the posterior sites in a condition (2) x site (2) x group 

ANOVA revealed no significant main effect and a significant interaction of condition x 

site (F (1, 22) = 4.959; p = .037; partial eta squared = .184).  Post hoc comparisons of the 

condition x site interaction found the conditions to be significantly different only at the 

left posterior temporal site (p = .050) as shown in Figure 2.19.  Follow up analysis of 

anterior sites did not find a significant main effect of condition or significant interactions.  

CSD T-complex (Tb) st contrast 2-syllable: A condition (2) x site (AL, AR, PL, 

PR) x group ANOVA revealed no main effect of condition or significant interaction 

involving condition.  An analysis of the anterior and posterior temporal sites follows to 

investigate hemisphere.  Analysis of the posterior temporal sites revealed no significant 

main effect or interaction.  Analysis of the anterior sites in a 2 (Condition) x 2 (AL, AR) 

x group ANOVA did not find a significant main effect of condition, but the interaction of 

condition x site x group approached significance (F (1, 22) = 3.976; p = .059; partial eta 

squared = .153) showing a more negative response to the different target by the English 

group from the left-anterior temporal site and a reverse response by the Polish group.  A 
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step down analysis of the left anterior and right anterior temporal sites separately 

revealed no significant main effect or interaction.  

CSD T-Complex (Tb Component): pt contrasts 

CSD T-Complex (Tb) pt contrast 3-syllable: A condition (2) x site (AL, AR, PL, 

PR) x group ANOVA revealed no main effect of condition or significant interaction 

involving condition. Anterior and posterior sites were examined separately to investigate 

hemisphere.  No main effect of condition or interactions involving condition were found 

(2 (same, different) x 2 (PL, PR) x group; 2 (same, different) x 2 (AL, AR) x group.  

CSD T-Complex (Tb) pt contrast 2-syllable: A condition (2) x site (AL, AR, PL, 

PR) x group ANOVA revealed no main effect of condition but a significant interaction of 

condition x group (F (1, 22) = 5.088; p = .034; partial eta squared = .188).  Post hoc 

comparisons revealed that the Polish and English group response differs only for the 

different target (p < .05).  A step-down analysis of data from each site follows to 

investigate the interaction.  A 2 (Condition) x group ANOVA at the right-posterior 

temporal site revealed no main effect of condition but a significant interaction of 

condition x group (F (1, 22) = 6.639; p = .017; partial eta squared = .232), in which the 

Polish group showed a negative response to the different target relative to the same target 

and the English group showed the reverse pattern. Post hoc comparisons of the condition 

x group interaction revealed that the groups did not differ significantly for either the 

different target or the same target.  A 2 (Condition) x group ANOVA at the left-anterior, 

the left-posterior and the right-anterior temporal sites separately revealed no significant 

main effect of condition or interaction involving condition. 
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 Summary, CSD T-Complex (Tb component) pt and st contrast: In summary, CSD 

analysis of the Tb component revealed significant differences between the same and 

different pairs for st stimuli (3-syllable) from the left-posterior temporal site.  A similar 

left-hemisphere effect was not evident for the pt stimuli.  An effect of language group 

was revealed in response to the 2-syllable pt conditions, in which a more negative 

response to the different target (relative to the same) was evident for the Polish group and 

a reverse response for the English group from the right-posterior temporal site.  Response 

to the 2-syllable st condition revealed an interaction of condition, group and site that 

approached significance and showed a more negative response to the different target by 

the English participants than the Polish participants from the left-anterior temporal site.   
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DISCUSSION 

The purpose of the current experiment was to determine the role of the acoustic 

features of phonemes in speech perception.  Acoustic features change with context so we 

questioned whether perception of phonemes (and phoneme segments) depends on the 

context of those phonemes in the native-language.  To test this hypothesis, we examined 

two language groups (native-Polish and native-English) both of which have the 

consonant cluster /pt/ in the language, but only one group (Polish) experiences the cluster 

in the context examined in the current experiment (i.e., word onset).  Specifically, we 

asked if native-English and native-Polish groups perceive the consonant cluster /pt/ in the 

same manner (behavioral task) and if the neural signal (ERP) reflects the perceptual 

response of the language groups.  We compared perception and the neural response to the 

/pt/ consonant cluster with the response to the /st/ consonant cluster, which occurs in both 

languages in word onset.  The /st/ stimuli served as an experimental control.  Also, 

because the /st/ and /pt/ consonant clusters have different acoustic characteristics (e.g., 

duration) and because both clusters occur in word onset in Polish, we compared the 

influence of the differing acoustic characteristics on speech perception, irrespective of 

native-language exposure. 

In the current experiment, the behavioral task revealed that Polish listeners were 

able to distinguish nonsense words having /pt/ and /p´t/ in word onset, whereas English 

listeners were not.  Having experienced word endings having /pt/ and /p´t/ in the 

language was not sufficient for English listeners to accurately perceive the /pt/ in word 

onset nonsense words.  This indicates that exposure to the phoneme and phoneme 

segments in the native-language results in an encoded neural signal that includes acoustic 
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features of phonemes (or phoneme segments).  Hence, lack of exposure to the /pt/ cluster 

in a specific context resulted in our English listeners being unable to perceive the word 

onset /pt/ cluster.  The /st/ versus /s´t/ contrast, which occurs in both languages in word 

onset, was perceived by both language groups with near perfect accuracy.   

The ERP results revealed that late latency ERP responses reflected the behavior of 

the language groups.  Specifically, an LPC peaking around 500 ms reflected the 

behavioral response of the language groups and a focal fronto-central positivity peaking 

around 400 ms, partially, reflected the language group response.  Earlier latency ERP 

responses reflected the acoustic distinctions, both phonological and phonetic, distinctions, 

contrasting the stimuli.  Furthermore, ERP results were more sensitive than behavioral 

results and provided fine-grained information about neural speech processing. ERP 

results revealed language group processing differences in response to the linguistic st 

contrast that were not evident from the behavioral results.  

Native-Language Phonotactics   

Phonotactic patterns of speech (e.g., phoneme sequences, stress patterns), 

including the distribution and frequency of the patterns, differ across languages (Halicki, 

2010; Ewen & van der Hulst, 2001).  From birth, infants are exposed to native-language 

phonotactic patterns within the speech signal and these patterns are neurally encoded 

early in development (Jusczyk et al., 1993; 1994; Saffran et al., 1996).  Exposure to these 

patterns during development results in automatic processing of the native-language 

phoneme features (Strange & Shafer, 2008) suggesting that the neural encoding is 

instantiated at a pre-attentive level of processing.  This hypothesis is supported by studies 

showing differences in native and non-native speech perception at the level of the 
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mismatched negativity response.  Automatic processing of native-language phoneme 

features should facilitate word recognition.   

Native-language phonotactic patterns have been shown to affect speech 

production (Davidson and Stone, 2004).  Dupoux et al., (1999) predicted that Japanese 

listeners’ inability to accurately produce non-native consonant clusters would extend to 

the perception of those clusters.  Dupoux and colleagues confirmed their prediction and 

demonstrated that Japanese listeners were unable to accurately perceive consonant 

clusters not present in the native-language, rather they perceived a vowel between the two 

consonants of the cluster (e.g., “ebzo” heard as “ebuzo”).  In extending our knowledge 

pertaining to the influence of native-language phonotactic patterns on speech perception, 

we questioned whether a consonant cluster must occur in a particular context within the 

native-language to be perceived.  

  Native-Language Phonotactics, Behavioral Results  

The phonotactic rules of English preclude /pt/ onsets and, as a result, English 

listeners were unable to perceive the word onset cluster, /pt/.  Lack of exposure to the 

cluster and the sound contrast, /pt/ versus /p´t/, resulted in the English listeners 

discriminating 2 and 3-syllable nonsense words at chance levels.  In contrast, Polish 

listeners performed the task at well-above chance levels.  As expected, perception of the 

st contrast, a contrast present in word onset in both languages, was not different for 

English and Polish listener groups.  Berent et al., (2007), in a similar behavioral task, 

compared Russian and English listeners’ perception of obstruent-obstruent word onset 

clusters, including /pt/, within nonsense words and compared them with contrast 

segments (e.g., /p´t/) within nonsense words.  Similar to our results, the Russian listeners 
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were able to determine the number of syllables within the nonsense words, while English 

listeners, not having the onset clusters in their language, were not.  We have 

demonstrated, along with Berent et al., and others, that the phonotactic patterns of the 

native-language influence speech perception (Dupoux, et al., 1999; Halle et al., 1998; 

Weber & Cutler, 2006).  Furthermore, we have demonstrated that a phonemic segment 

(i.e., /pt/) must not only occur within the native-language but must occur within a 

particular context (e.g., word onset) to be perceived.  The English listeners perceived the 

/pt/ pattern as a sequence within the native-language that was closest to the /pt/ onset 

cluster (i.e., /p´t/ as in petunia), consistent with the research findings of Dupoux, et al., 

(1999) and Halle et al., (1998).  

The native-English and native-Polish language groups heard the same stimuli and 

they were informed, through instruction and practice trials with feedback, that both 2 and 

3-syllable nonsense words would be presented.  Nevertheless, the English listeners were 

unable to distinguish the 2 and 3-syllable pt nonsense words.  Listeners contrasting non-

native phonemes are said to use a “phonetic mode of processing that requires attentional 

resources” (Strange & Shafer, 2008, p 174).  Our syllable identification task might have 

been too challenging for the English listeners to access the phonetic code but it is 

possible that under different task conditions non-native participants would be able to 

access this information.  Also, Strange and Shafer (2008) argue that native-phoneme 

contrasts are perceived automatically even in poor listening conditions.  The native-

Polish listeners reported that the speaker of our experimental stimuli, while having good 

Polish pronunciation was a dominant English speaker.  Even in this more challenging 
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situation, the Polish listeners correctly identified the 2 and 3-syllable pt nonsense words 

(linguistically relevant in Polish), while our English listeners did not. 

Acoustic features of stop consonants (i.e., /p/, /t/, /k/) in word onset differ in 

Polish and English.  Polish speakers release stop consonants after closure without 

aspiration, whereas, English speakers release and aspirate these stop consonants after 

closure in /p´t/ as in petunia and in /s´t/ as in sateen (Ladefoged, 2001, p 43). The /t/ 

phoneme in /st/ is released and not aspirated in both Polish and English phonology 

(personal communication with Katarzyna Dziubalska-Kolaczyk).  The difference in the 

acoustic features of the stop consonants in English and Polish did not aid our English 

listeners.  Our analysis of response error by the Polish participants revealed that the 

presence or absence of a vowel was a factor in perception of the pt contrast. Twenty 3-

syllable pt tokens did not have a perceptible vowel between the /p/ and /t/ and were 

identified, incorrectly, as having 2-syllables by the subgroup of Polish participants 

examined.  In contrast, all 3-syllable nonsense words (within 243 trials) correctly 

identified as having 3-syllables by the Polish listeners, had a perceptible vowel.  We do 

not claim to have established which acoustic features are used by the native-Polish 

listeners to recognize the 2 and 3-syllable pt nonsense words, but have established that 

the English group, presented with the same stimuli as the Polish group, were unable to 

differentiate the 2 and 3-syllable pt words.   

The English language input contains the cluster /pt/ (e.g., He slept in a bed), but 

because it is an illegal form in word onset, it is never heard without a preceding vowel.  

Consider that 3-syllable words beginning with /p´t/ may approximate 2-syllable words 

within rapid speech.  For example, the schwa between the /p/ and /t/ in the word potato 



 65 

might be reduced in rapid speech so that the initial segment approaches the consonant 

cluster /pt/.  Consider the sentence, “It is a big potato.”  In rapid speech, the initial 

segment could potentially be reduced to approach the onset cluster /pt/.  However, even 

in the case of this potential English input, the stop consonant, /p/, would retain the feature 

aspiration.  Deletion of the schwa in an onset pre-stressed syllable (e.g., 3-syllable pt 

word forms, “petunia”) is rare in English (Peterson, LoCasto & Connine, 2002).  

However, Peterson & colleagues found that when a competitor exists in the language for 

the reduced form (i.e., “sport” is a competitor for the reduced form of “support”) the 

schwa is less likely to be deleted in high frequency words.  Because /pt/ is an illegal form 

in English, there are no competitors for a reduced form of the 3-syllable pt word (e.g., 

“petunia”).  It is possible, however, that Polish speakers delete the schwa in 3-syllable pt 

words less frequently than English speakers because competitors of the reduced forms are 

possible.  This fact provides an explanation for the speaker of our experimental stimuli, 

who is a dominant English speaker, producing a small set of reduced variants for the 3-

syllable pt words that were incorrectly perceived by the native-Polish participants. 

Nevertheless, the current results indicate that if reduced syllables, such as 

described, occur in English, they do not aid the English listeners in recognizing the pt 

contrast.  Either the different acoustic features in the English and Polish stop consonant 

/p/ or limited experience with the reduced segments fail to aid the English listeners.  

Future research may provide answers concerning the specific acoustic features that 

permitted the Polish group, but not the English group to recognize the pt contrast. 

Native-Language Phonotactics ERP Results 
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Speech perception abilities of the native-language groups, revealed through 

behavioral measures, were reflected in a Late Positive Component (LPC) and, partially, 

in a focal fronto-central positivity at 400 ms.  Detection of the st contrast, linguistically 

relevant in Polish and English, was reflected in the LPC component by both language 

groups.  In contrast, the LPC response to the pt sound contrast, which is linguistically 

relevant in word onset in the Polish language only, was different for the language groups 

The English listeners’ LPC response to the st difference wave was found to be different 

from their response to the pt difference wave, but the Polish listeners’ LPC response was 

not. 

Late processing LPC  

The LPC response in the current experiment was consistent with a P3b type 

response thought to reflect evaluation of a stimulus for an overt response (Nobre and 

McCarthy, 1994; O’Rourke & Holcomb, 2002) and has been reported, previously, in 

response to a phonological contrast (Schwartz et al., in preparation; Praamstra et al., 

1993).  Using the phonological priming design (same and different word pairs having a 

short ISI) allowed us to determine if the contrast in the different pair elicited an LPC 

response, substantiating the behavioral response.  Based on previous research findings, 

we argue that the LPC reflected the participants’ conscious evaluation of the target word 

stimuli for responding on the syllable identification task.  The GFP that differed 

significantly for the st contrast conditions around 500 ms corresponded to a posterior-

parietal positivity in the CSD maps supporting the existence of a late positive component.  

Native-language patterns of speech perception were reflected within the LPC and, to our 
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knowledge, has not previously been used as a means to compare perception of specific 

onset consonant clusters in two language groups.  

A study by Dehaene-Lambertz, Dupoux & Gout (2000) investigated French and 

Japanese listeners’ ERP response to a vowel contrast within nonsense word stimuli (i.e., 6 

phonemic forms including “igmo” versus “igumo”).  An oddball task design (600 ISI 

between words) was used and participants’ responded with a same/different decision to 

the final word in a train of 5 words.  In agreement with our results, native-language 

phonotactic patterns were reflected in the LPC response and in an earlier negative 

response around 400 ms.  Our study did not show this negative response possibly because 

of design differences.  Rather a frontal positivity was observed around 400 ms (P400). 

P400  

A focal fronto-central positivity, peaking around 400 ms was found to, partially, 

reflect the influence of the native language.  Both English and Polish language groups 

demonstrated neural discrimination of the st and pt contrasts (i.e., /st/ from /s´t/ and /pt/ 

from /p´t/ in word onset) as indexed by a large P400 for different compared to same 

targets.  The P400 latency in response to the pt contrast, however, was significantly 

different for the language groups at the fronto-central site with an earlier response by the 

Polish group.  Interestingly, the response to the st contrast (3-syllable) examining central, 

right and left frontal sites, found the conditions to be significantly different, only at the 

fronto-central site.  Our findings demonstrate that the amplitude of the P400 component 

indexes acoustic aspects of the contrast because, both, the st and pt contrasts are 

recognized by the English group.  In contrast, latency of the P400 reflects native-
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language experience because latency for neural processing is significantly earlier for the 

Polish group in response to the pt contrast (pt difference wave; 3-syllable).   

The study by Dehaene-Lambertz and colleagues (2000) found a negative 

component to a vowel contrast for French participants, but not Japanese participants, 

between 384 and 488 ms from fronto-central sites consistent with the current results. The 

results of the two studies differed, however, because we found a native-language effect of 

latency but not amplitude and polarity of the waveforms was not the same. The different 

findings across studies can be explained by experimental design differences.  

Furthermore, CSD transformations can reveal components that are masked by deep 

source activity. 

A recent study having a word-fragment priming design and a lexical decision task 

found a phonological N400-type response, peaking at posterior central sites around 350 

ms, in response to their different word condition (e.g., hun-dragon) but not to a change of 

one onset phoneme (Friedrich et al., 2009).  In contrast, the less distinct variation 

consisting of a change of one onset phoneme was recognized at 350 ms from the left 

lateral region.  In the current study, we found a fronto-central positivity, as an effect of 

priming, in response to the contrast within the different pairs. The experimental design 

used by Friedrich et al., differed from ours because they used a lexical decision task with 

a word fragment as the prime as well as different contrast types.  Below, we will discuss 

further the failure to observe an N400 type effect. 

ERP Timecourse of the Native-Language Effect 

An effect of native-language phonotactic patterns was evident within the ERP 

waveform from ~ 400 ms demonstrated by group latency differences (P400 component) 
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from the fronto-central electrode site in response to the pt contrast.  A later native-

language effect was found reflected in the LPC peaking around 500 ms.  Recall that the 

vowel contrasting our different word pairs was the second phoneme within the first 

syllable.  The earliest effect of native-language phonotactics within the Dehaene-

Lambertz et al., (2000) experiment also occurred ~ 400 ms. from fronto-central electrode 

sites in response to a medial vowel contrast within nonsense word stimuli (e.g., “igmo” 

versus “igumo”).   

A minimal effect of language was also revealed within the TN and Tb 

components.  Each lateral temporal site tested separately did not find an interaction of 

condition and language group for the 3-syllable pt contrast conditions.  However, Polish 

participants’ 3-syllable pt contrast data from all four lateral temporal sites at 328 and 376 

ms revealed a greater effect of condition at 328 ms.  A similar effect was not found in the 

English participant data.  Also, 2-syllable pt conditions differed at 376 ms (left posterior 

temporal site) for the English participant data only.  The earlier time bin (328 ms) showed 

a greater effect of condition for the 3-syllable pt conditions suggesting that the language 

group effect for the 2-syllable condition may not be reliable or may reflect increased 

variance in the English group response.  A minimal effect of language was also found at 

184 ms in response to the pt contrast (2-syllable) from the right-posterior temporal site.  

A native-language effect was not found within the 3-syllable condition, suggesting that 

the finding is not robust because significant results that appear in the 2-syllable 

conditions are generally found within the 3-syllable conditions. 

ERP Fine-Grained Language Effect 
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 We predicted both behavioral and late latency ERP responses to be different for 

our English and Polish participants in response to the pt contrast but to be the same in 

response to the st contrast.  The behavioral results were consistent with this prediction, 

whereas, the ERP responses only partially confirmed this prediction.  

Late latency ERP responses showed the expected pattern to the pt contrast. The 

English and Polish listeners performed differently on the behavioral task to the pt contrast 

and this difference was evident in the LPC component of the ERP waveform.  The 

behavioral response to the st contrast was the same for both language groups (near perfect 

accuracy).  The LPC reflected detection of the st contrast for both language groups, 

however, the response to the st contrast was larger for the English listener group than the 

Polish listener group and topographical group differences for this component were found.  

Both language groups showed a greater LPC to the different target (relative to the same) 

from the midline-posterior parietal sites but only the English group showed a greater LPC 

to the different target from the right-posterior parietal sites.  Also, the Polish participants 

showed relatively large variability compared to the English participants in response to the 

st conditions whereas the English participants showed relatively large variability 

compared to the Polish participants to the pt conditions.  

The current research has demonstrated that perception of native and non-native 

contrasts can be reflected in the LPC.  As previously stated, the LPC reflects multiple 

cognitive processes (Steinschneider & Dunn, 2002; Picton, 1992), therefore, processes in 

addition to phonological detection may be reflected within the LPC.  For instance the st 

contrast, present in both languages, may have been more challenging for our Polish group 

because our native-Polish speaker of the experimental stimuli was a dominant English 
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speaker.  While not evident in the behavioral results because both groups demonstrated 

near perfect accuracy, the st stimuli spoken by a Polish-English bilingual who is 

dominant in English may have required greater cognitive resources by the Polish 

participants.   

Johnson (1986) discusses three aspects of stimulus meaning that can contribute in 

an additive fashion to P3 amplitude: (1) task complexity, (2) stimulus complexity and (3) 

stimulus value providing an alternative explanation for the greater LPC to the st contrast 

for the English listeners.  It is possible that a phoneme sequence such as word onset /st/, 

has a high stimulus value in English because frequently used and early-learned words 

begin with that phoneme segment (e.g., stop).  Furthermore, a P3 vertex response has 

been shown to reflect greater confidence in detection of an auditory signal (Squires et al, 

1974) suggesting ease of processing by the English listeners for high frequency phoneme 

sequences occurring within a language as a possible explanation.  

Whether the LPC, larger to the st contrast for English listeners, reflects greater 

frequency of usage of /st/ and /s´t/ words in the English language, greater stimulus value 

or ease of processing awaits further research.  Subtle differences in the distribution of 

sounds within words have been found to affect spoken word recognition (Vitavitch, 

2007) and, therefore, distributional differences of phoneme sequences within languages 

may affect neural speech processing. To our knowledge, language group differences 

within the ERP response to a word onset st contrast have not been previously 

demonstrated and, therefore, the results until replicated, along with speculation 

concerning the results, must be considered with caution.  

Acoustic Features 
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We have demonstrated through behavioral results and late latency ERP responses 

that acoustic features of phonemes influence perception. The language exposure of the 

native-Polish listeners during development includes the acoustic features of the word 

onset cluster /pt/ and the contrast segment /p´t/, shaping perception of the sound 

sequences.  The English native-language experience, in contrast, does not contain the 

onset cluster /pt/ with its contextual features and, therefore, does not become part of the 

neural code in perceptual speech processing.  Having the cluster /pt/ and the contrast 

segment in the English language in another context did not aid in perception of the onset 

cluster indicating that the contextual features of phonemes are intrinsic to perceptual 

speech processing.  We have proposed the acoustic features of phonemes as the basic unit 

of words.  

A model having the acoustic feature as the basic unit of words is consistent with 

neurophysiological studies of speech processing, theories of lexical activation and 

developmental research findings.  Speech is processed by acoustic features in primary 

auditory cortex (Steinschneider et al., 1995; Steinschneider et al., 2005).  The features are 

then, in some way, integrated into word-like units for meaning to be attached.  Current 

research suggests synchronous neural activity as a potential means of integrating neural 

responses (Eggermont, 2005).  Synchronous (millisecond) neural firing in response to 

acoustic features of sounds could integrate the features of the phoneme sequence (word) 

as they change over time.  Zhang, Kuhl, Imada, Kotani & Tohkura (2005) argued that 

acoustic features of the native-language syllable /la/ were integrated for American, but 

not Japanese participants.  The researchers conducted a MEG (magnetoencephalography) 

study in which American and Japanese participants were presented with the endpoints of 
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/ra-la/ and /ba-wa/ continuum using an oddball experimental design.  The /ra-la/ stimuli 

contained two portions of the third formant each having “well-defined onsets” (p 710); 

The initial portion of F3 contained 155 ms of steady state sound and the second portion, 

which was critical for the /ra-la/ distinction, consisted of a 100 ms transition.  Japanese 

listeners failed to integrate the two portions of the F3, as evidenced by a double N1m 

component within the right and left hemispheres in response to /la/.  In contrast, the 

American listeners integrated the two onsets of /la/, as evidenced by only one clear N1m 

within the left hemisphere.  The authors argued that native-language experience alters the 

temporal integration time-window because Japanese listeners did not integrate the late F3 

transitions with the earlier acoustic features (including F3 steady state sound) of the /la/ 

stimulus.  An earlier MMF (mismatch field, the magnetic counterpart of the mismatch 

negativity) for the Japanese listeners in response to the /ra-la/ contrast supported this 

view. 

The proposal that acoustic features serve as a basic unit of the word is consistent 

with current theories of lexical activation, which have recognized that acoustic features of 

phonemes affect word recognition (McQueen et al., 2003 Andruski et al., 1994).  Also, 

languages have a limited number of sounds and a large variety of words that can be 

accessed from sound combinations (McQueen et al., 2003).  Acoustic features as the 

underlying basic unit of words allows for a feasible word recognition process because 

they constrain the possibilities in word recognition.  

Furthermore, developmental research findings are consistent with acoustic 

features as an intrinsic aspect of perceptual speech processing.  The sound patterns and 

frequency of sound patterns of the native-language are coded in the neural signal before 
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word meanings are learned indicating that formation of the native-language perceptual 

patterns precede meaningful linguistic (phonological) contrasts (Jusczyk et al., 1993; 

1994).  Eight-month old infants’ detection of 3-syllable nonsense words from a stream of 

syllables after 2-minutes of exposure (Saffran et al., 1996) can be explained because the 

acoustic features change with every phonemic context so there is only one acoustic 

combination for a word.  Fast mapping of acoustic features of the phoneme sequence on 

auditory neural networks could explain the findings of Saffran and colleagues.  Babies as 

young as 13-months of age comprehend novel words after hearing the words only nine 

times, a process termed “fast mapping” (Woodward, Markman & Fitzsimmons, 1994).  It 

has been argued that infants use statistical transitional probabilities to learn the order of 

syllables, an inferred cognitive skill, as a means for detecting novel syllable sequences 

(Saffran et al.,1996; Kuhl, 2000).  A cognitive skill is not necessary because the unique 

acoustic sequences of words can be mapped as the auditory neural code.  Early 

development of the auditory cortical regions relative to the prefrontal cortical regions, 

which are involved in higher-level cognitive function, is consistent with this theory 

(Huttenlocher & Dabholkar, 1997).  

Integration of acoustic features of phonemes into word-units may be the sound-

based representation that not only captures phonological information as stated by 

Praamstra & Stegemann (1993), but is the phonological information in that it is the 

native-language input and through frequency of the input during development becomes 

the speech signal that is perceived rapidly and automatically.  

ERP Components  
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ERP data is interpreted within the context of the behavioral task and the 

phonological priming design.  Recall that the ERP epochs are time-locked to the onset of 

the target word of the same and different pairs and the target words are unchanged in the 

same and different condition.  When the target word is repeated by using a different token 

within the same pairs and an ISI of 250 ms, neurons are in a refractory state and neural 

firing in response to the sounds and features of the same word are reduced (Sussman, 

Steinschneider, Gumenyuk, Grushko, & Lawson, 2008).  In the different conditions, new 

neural firing occurs in response to sounds and features of the target word that are 

different.  A stronger ERP response was found for the 3-syllable conditions (i.e., a 3-

syllable target word was preceded by a 2-syllable word) relative to the 2-syllable 

conditions (i.e., a 2-syllable target word was preceded by a 3 syllable word).  Because 

there is a short interval between the words in a pair, a 3-syllable word following a 2-

syllable word in the different pair results in greater neural firing, at least in part, because 

there are a greater number of sounds and features in the longer word.  A 2-syllable word 

following the 3-syllable word, on the other hand, finds a shorter word as the second word 

with fewer sounds and features.  Language group and condition differences in the ERP 

response may have been less robust in these conditions because less recovery from 

refractoriness resulted in a smaller signal. 

P400: A response to the physical contrast in the pt and st stimuli was evident in 

both language groups in the form of a focal fronto-central positivity at 400 ms (P400). 

The earlier fronto-central sensory-obligatory components (P1N1P2) within the target 

word data did not reflect the physical contrast within the different pairs.  It is possible 

that these obligatory components did not index differences between the contrasts because 
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the short ISI between words within the pair resulted in a small P1N1P2 response and, 

thus, differences were masked by noise. The longer latency P400 response may reflect 

detection of a difference within the word unit.  A fronto-central response with an 

inversion at the mastoids is consistent with a source in auditory cortex (Ponton et al., 

2002).  

N400: The N400 response, predicted to reflect the linguistically-relevant sound 

contrasts within words, was not evident in our ERP data.  It is possible that the N400 was 

masked by the large LPC component (Holcomb et al., 2002).  Alternately, the N400 

component may have been absent because participants were aware that all stimuli were 

nonsense words and, thus, did not attempt to access lexical representations.  Praamstra 

and Stegeman, 1993 found an N400 to be absent when participants could make a lexical 

decision without listening to the whole word.  The nonsense word onsets in Praamstra et 

al., were illegal consonant clusters, so participants were able to determine that the 

stimulus was not a real word from the onset.  They found an N400 component in 

response to the same experimental stimuli when a rhyming task was used.  Studies using 

similar experimental designs to ours that found an N400 response presented both real and 

nonsense word stimuli (Praamstra & Stegerman, 1993; Shafer, Schwartz & Kessler, 

2002; Bonte & Blomert, 2004, Friedrich et al., 2009; Schwartz et al., in preparation). 

Tb component of the T-Complex and TN: The posterior temporal negativity found 

at 184 ms is consistent with the Tb component of the T-Complex (Ponton et al., 2002).  

The Tb component consisted of a left-hemisphere response for the st sound contrast that 

was not evident for the pt sound contrast.  A left-hemisphere effect for the st contrast and 

a bilateral effect for the pt contrast for the later TN response were also found. Both st and 
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pt contrasts are phonological contrasts in the Polish language.  A left-hemisphere effect 

for one sound contrast and not the other suggests that acoustic aspects of the stimuli are 

processed differently.  

Psychoacoustic Salience  

Acoustic features of phonemes affect native-language speech perception 

(Burnham, 1986; Berent et al., 2007; Strange & Shafer, 2009; Jusczyk et al., 1993). 

Burnham proposed that “psychoacoustic saliency” of phoneme contrasts influences the 

development of native-language perception, influences adults’ ability to distinguish non-

native contrasts after training and underlies whether sound contrasts are found to be 

common or rare in the world’s languages.  In the current experiment, the ERP response 

from lateral temporal sites differed in response to the st and pt contrasts, which could not 

be explained by native-language experience because the effect occurred for both English 

and Polish language groups.  

The /pt/ cluster consists of two voiceless stop consonants of short, rapidly 

changing, acoustic features and /st/ consists of a fricative and stop consonant, which have 

a different manner of articulation. The phoneme /s/ is a long duration consonant having 

high-energy frication noise.  In contrast, the phoneme /p/ is a consonant having low 

energy and rapidly changing acoustic features (see Bordon et al., 2003). 

The clusters (i.e., /pt/ and /st/), the syllables (i.e., /p´t/ and /s´t/) and the schwa 

between the segments were found to have different mean durations, although the 

difference in mean duration for the schwa was only 9 ms.  Examination of the grand 

mean waveforms in response to the st and pt contrasts from the left-posterior temporal 

site in Figure 2.22 reveals the peak of the TN waveform to differ for the sound contrasts 
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by 70 ms, suggesting an ERP response involving more than the vowel contrast.  The ERP 

response, therefore, within the context of the phonological priming task may not only be 

a response to the contrast segment (i.e., the schwa) but a response to the integrated 

acoustic information.  Acoustic elements may be integrated when occurring within the 

temporal integration window of ~ 200 ms and, therefore, the contrasting acoustic features 

of the /s/ and /p/ phonemes (duration and presence or absence of frication noise) may be 

integrated within the temporal integration window affecting the temporal ERP 

components (Winkler, Czigler, Jaramillo, Paavilainen & Naatanen, 1998). 

As discussed earlier, Friedrich et al., (2009) did not find an effect of a contrast in 

one onset phoneme (i.e., variation condition) for the T-Complex response using a priming 

task.  The authors argued that the T-Complex did not register linguistic information.  In 

contrast, we found an effect of condition (a vowel contrast) within the T-Complex 

response for the st conditions but not the pt conditions, both linguistic contrasts in Polish.  

The results of the two studies may differ because Friedrich et al., examined different 

phoneme combinations (i.e., onset stops and nasal consonants examined within the same 

experimental conditions) and we examined specific phonemic combinations.  Also, tasks 

differed in that Friedrich et al., used a lexical decision task and our participants identified 

syllables within nonsense words.   

Research findings pertaining to a left hemisphere effect for phonetic speech 

processing have been inconclusive (Zhang et al., 2005; Rinno, et al., 1999; Alho et al., 

1998).  Similar to our results, Zhang and colleagues found American participants to 

demonstrate left-hemisphere processing in response to a /ra-la/ contrast but not in 

response to a /ba-wa/ contrast.  Interestingly, the /ra-la/ continuum has continuent 
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consonants of long duration (relative to stop consonants) and the /ba-wa/ continuum 

contains a stop and a continuent consonant.  It is possible that the nature of the 

distinction, spectral versus temporal, influences involvement of the left hemisphere. 

The /st/ consonant cluster is assumed to be more perceptually salient than the /pt/ 

consonant cluster.  The /st/ consonant cluster is common in the world’s languages and is 

an exception to principles of sonority and to principles for word onset consonant cluster 

use in English.  For example, /st/ is an exception to illegal word onset obstruent-obstruent 

sequences (e.g., *ft, *pt, st) and to illegal word onset homorganic sequences (e.g., *pw, 

st) in English (Gierut, 1999).  In contrast, the cluster /pt/ is rare in the worlds’ languages 

and is rare in the Polish language.  The current ERP results provide neurophysiological 

support for the view that the /st/ cluster has greater perceptual salience than the /pt/ 

cluster.  Furthermore, our results confirm that specific sound contrasts must be examined 

in order to tease apart the effects of the native language and acoustic factors on speech 

perception, as suggested by Strange & Shafer (2009) and Jusczyk et al., (1993).  

Conclusion 

Our data support the claim that acoustic features of phonemes (i.e., contextual 

features) are intrinsic to perceptual speech processing.  Exposure to phonotactic patterns 

within the native language during development results in an encoded neural signal that 

reflects the acoustic features of phonemes found in a listener’s native-language.  The 

results suggest that acoustic features are necessary for word recognition.  Our data are 

consistent with neurophysiological results of speech processing, lexical activation 

research and infant models of developmental speech perception.   
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Affects of native-language experience were observed within the ERP signal late in 

processing beginning around 400 ms post-word onset.  Earlier latency ERP components 

revealed that the acoustic distinctions within the experimental stimuli are registered in the 

brains of both language groups, in the same manner.  This finding will be expanded upon 

in Chapter 3 in which we report the prime word data results. 

Also, results of the current study revealed that neural correlates of speech 

processing differed for the st and pt stimuli, for both the English and Polish listeners, 

irrespective of native-language.   These results provide neurophysiological support for the 

view that the st contrast is more salient than the pt contrast, consistent with the notion 

that /pt/ is more marked (rare) than /st/ in the world’s languages.  Furthermore, a left-

hemisphere effect for the st sound contrast, but not the pt sound contrast, suggests that 

acoustic features of sounds should be considered to understand the role of the left 

hemisphere in the processing of speech. 
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Table 2.1  
Eight experimental conditions: 4 pt and 4 st experimental conditions 
 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
CONDITION TYPES 

 

 
pt 
 
 

 
st 
 

SAME 2 
 
 

 
/ptukA‐ptukA/ 

 
/stEsA‐stEsA/ 
 

 
SAME 3 

 
 

 
/p´timA‐p´timA/ 

 
/s´tIlA‐s´tIlA/ 

DIFFERENT 2 
 

 

 
/p´tukA‐ptukA/ 

 
/s´tEsA‐stEsA/ 
 
 

DIFFERENT 3 
 
 

 
/ptimA‐p´timA/ 

 
/stIlA‐s´tIlA/ 
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Table 2.2 Mean percentage correct scores, median percentage correct scores and 
standard deviation scores are shown for the syllable identification task 
 

ST CONDITIONS PT CONDITIONS CONDITIONS 

Polish English Polish English 
SAME 2 

Mean 
Median 

SD 

 
98 
99 
1.8 

 
97 
99 
4.7 

 
90 
97 

18.4 

 
43 
49 
33 

DIFFERENT 2 
Mean 

Median 
SD 

 
99 
99 
.9 

 
98 
99 
3.2 

 
94 
98 
8.4 

 
42 
50 

30.1 
SAME 3 

Mean 
Median 

SD 

 
99 

100 
2.4 

 
98 
99 
2.2 

 
81 
82 
7.9 

 
85 
90 

20.4 
DIFFERENT 3 

Mean 
Median 

SD 

 
99 

100 
1.1 

 
99 

100 
1.8 

 

 
84 
83 
5.6 

 
82 
88 

20.8 
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Table 2.3 depicts individual participants’ percentage correct scores on the syllable 
identification task for the st conditions.  The word “same” or “diff” in the condition 
label refers to same or different pairs and the number following the word refers to 
the number of syllables within the target nonsense word.  Chance level performance 
equals 50%. 

 
ST CONDITIONS: INDIVIDUAL PERCENTAGE CORRECT SCORES 

SYLLABLE IDENTIFICATION TASK 
 
 

ENGLISH Same2 Diff2 Same3 Diff3 POLISH Same2 Diff2 Same3 Diff3 
1 100 100 99 100 1 99 98 100 100 
2 97 99 97 99 2 99 99 99 98 
3 97 94 100 100 3 100 100 100 100 
4 97 100 100 99 4 94 97 94 97 
5 99 100 98 100 5 99 99 100 99 
6 89 100 99 99 6 98 100 100 100 
7 90 98 99 100 7 97 100 99 100 
8 100 99 100 100 8 99 99 100 100 
9 100 100 92 99 9 100 100 100 100 
10 87 89 96 95 10 96 99 99 98 
11 100 98 100 95 11 99 100 93 99 
12 100 99 98 100 12 99 99 99 100 
13 100 99 99 100      
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Table 2.4 depicts individual participants’ percentage correct scores on the syllable 
identification task for the pt conditions.  The word “same” or “diff” in the condition 
label refers to same or different pairs and the number following the word refers to 
the number of syllables within the target nonsense word.  Chance level performance 
equals 50%. 
 
PT CONDITIONS: INDIVIDUAL PERCENTAGE CORRECT SCORES 

SYLLABLE IDENTIFICATION TASK 
 
 

ENGLISH 
 

Same2 Diff2 Same3 Diff3 POLISH 
 

Same2 Diff2 Same3 Diff3 

1 73 50 79 72 1 33 75 92 99 
2 51 53 85 79 2 97 99 75 82 
3 0 0 100 99 3 94 96 88 84 
4 49 60 94 83 4 89 95 81 85 
5 85 70 35 32 5 92 98 89 86 
6 1 1 100 100 6 99 98 89 90 
7 54 53 90 90 7 97 98 82 83 
8 76 82 77 85 8 96 99 69 82 
9 90 92 51 49 9 97 98 80 83 
10 18 15 100 94 10 87 78 87 80 
11 3 20 100 100 11 100 98 71 80 
12 11 16 99 99 12 98 98 73 78 
13 49 39 89 88      
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Figure 2.1 shows a map of Electrical Geodesic Inc. electrode sites  
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Figure 2.2 depicts the mean scores and standard deviation for the st conditions.  
Note that the scale is different for the pt and st charts 
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Figure 2.3 depicts the mean scores and standard deviation for the pt conditions.  
Note that the scale is different for the pt and st charts 
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Figure 2.4 depicts the GFP analysis to the st contrast (3-syllable) in English (top) 
and Polish (bottom) participants 
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Figure 2.5 depicts the GFP analysis to the st contrast (2-syllable) in English (top) 
and Polish (bottom) participants 
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Figure 2.6 depicts the posterior parietal LPC in response to the st contrast (3-
syllable) in the Polish (left) and English (right) listeners.  A greater LPC for the 
different target (bottom) compared to the same target (top) occurred for both 
language groups 
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Figure 2.7 depicts topographical group differences with the English group having a 

larger response than the Polish group to the st contrast (3-syllable) from the averaged 
right-posterior parietal sites (42/46) 
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Figure 2.8 depicts the mean LPC response to st and pt contrasts (3-syllable) for the 
language groups. Notice the large response to the st different target from the right-
posterior parietal sites for the English participants (top right) compared to the 
Polish participants (top left).  Only in response to the pt contrast by the English 
participants is a reversed pattern evident (larger mean LPC to the same target) 
(bottom left) 
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Figure 2.9 depicts the GFP analysis to the pt contrast (3-syllable) in English (top) 
and Polish (bottom) participants 
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Figure 2.10 depicts the GFP analysis to the pt contrast (2-syllable) in English (top) 
and Polish (bottom) participants 
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Figure 2.11 depicts the posterior parietal LPC in response to the pt contrast (3-
syllable) in the Polish (left) and English (right) listeners.  A greater LPC for the 
different target (bottom) compared to the same target (top) is evident for the Polish 
group but not the English group 
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Figure 2.12 depicts the fronto-central P400 response to the st contrast (3-syllable) in 
the Polish (left) and English (right) language groups.  The response to the different 
target (bottom) is greater than the response to the same target (top) in both groups 
of participants 
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Figure 2.13 depicts the fronto­central P400 response to the pt contrast (3­
syllable) in the Polish (left) and English (right) language groups.  The response 
to the different target (bottom) is greater than the response to the same target 
(top) in both groups of participants 
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Figure 2.14 depicts the lateral temporal negativity in response to the st contrast (3-
syllable) in the Polish (left) and English (right) language groups.  The response to 
the different target (bottom) is greater than the response to the same target (top) in 
both groups of listeners 
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Figure 2.15 depicts the lateral temporal negativity in response to the pt contrast (3-
syllable) in the Polish (left) and English (right) language groups.  The response to 
the different target (bottom) is greater than the response to the same target (top) 
from left-posterior and right-anterior sites in both groups of participants 
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Figure 2.16 depicts the P400 waveform in response to the st different target and the 
inverse TN waveform for English (top) and Polish participants (bottom). Grand 
mean raw voltage data is shown 
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Figure 2.17 depicts an interaction of condition, time, and group showing a greater 
GFP for the different target  (pt 2-syllable) relative to the same for the Polish 
participant data not seen in the English participant data 
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Figure 2.18 depicts the significant time x group interaction for the pt difference 
wave (3-syllable) at the midline fronto-central site revealing an earlier positive 
response for the Polish group 
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Figure 2.19 depicts the left-temporal hemisphere effect for the st contrast (328, 376 
ms) (top left) not evident for the pt contrast (280, 328 ms) (top right).  A left-
temporal hemisphere effect at 184 ms (Tb component of the T-Complex) in response 
to the st contrast (bottom left) was not evident in response to the pt contrast (bottom 
right) 
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Figure 2.20 illustrates a greater negativity for the different target compared to the 
same at the 328 ms time interval from the left-posterior temporal site. The effect 
does not differ for the language groups 
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Figure 2.21 shows a relative left hemisphere effect for the st difference wave (3-
syllable) and a relative right hemisphere effect for the pt difference wave (3-syllable) 
at posterior temporal sites 
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Figure 2.22 depicts two clear left temporal negative peaks (180 ms and 350 ms) in 
response to the st different targets that are less pronounced to the pt different 
targets. A similar response is evident in the English (top) and Polish participant 
(bottom) data.  Grand mean raw voltage data is shown 
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APPENDIX A 

A subset of ERP data was created by removing experimental trials containing 20 

incorrectly perceived token nonsense words (pt 3-syllable) along with the 2-syllable pt 

nonsense words and 2 and 3 syllable st-nonsense words matched for rhyme from the ERP 

data set.  For example, all trials containing the nonsense words p´tIbA were removed 

along with trials containing ptIba, stIba and s´tIba.  Thirty trials were excluded from 

each condition resulting in a remaining 70 trials.  The procedure was applied to each 

individual’s data set.  In addition two real Polish words beginning with /st/, erroneously 

included as nonsense word stimuli, were among the eliminated trials.  The subset of data 

created was graphed and compared to the total data set as shown in Appendix A Figures 

A.2.1 through A.2.4.  
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Figure A.2.1 depicts the Polish participants’ LPC response to the st contrast (top) 
and the pt contrast (bottom) from the central-posterior parietal site (site 34).  The 
data subset (dashed lines) graphed is superimposed on the total data set (solid lines) 
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Figure A.2.2 depicts the Polish participants’ P400 response to the st contrast (top) 
and the pt contrast (bottom) from the midline fronto-central site.  The data subset 
(dashed lines) graphed is superimposed on the total data set (solid lines) 
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Figure A.2.3 depicts the Polish participants’ ERP response at the left posterior 
temporal site to the st contrast (top) and the pt contrast (bottom).  The data subset 
(dashed lines) graphed is superimposed on the total data set (solid lines) 
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A.2.4 depicts the Polish participants’ ERP response at the right posterior temporal site to 
the st contrast (top) and pt contrast (bottom).  Only the data subset is shown 
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CHAPTER 3 

THE P1-N1-P2 AND THE T-COMPLEX IN 

NATIVE-ENGLISH AND NATIVE-POLISH LISTENERS: 

IS NATIVE-LANGUAGE SPEECH PERCEPTION REFLECTED IN THE 

SENSORY-OBLIGATORY ERP COMPONENTS? 
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INTRODUCTION 

A major issue of our time, in the neuroscience of speech and language, concerns 

the manner in which the acoustic signals of speech are translated in cortical auditory 

pathways into integrated neural signals necessary for speech perception.  Comparison of 

native-language speech perception and neurophysiological indices of speech processing 

permit an exploration of the effects of varying auditory-phonetic input from the natural 

environment on stages of neural speech processing.  The current research explores the 

effects of native-language experience on early stages of cortical speech processing. 

The investigation of the neural correlates of native-language perception of words 

has focused on relatively late stages of cortical speech processing, such as the N400 and 

the Late Positive Component (LPC).  These studies have revealed that experience with 

the phonological patterns of one’s native-language influences relatively late stages of 

neural processing (Dehaene-Lambertz, Dupoux & Gout, 2000; Friedrich, Schild, & 

Roder, 2009).  One question that has not been addressed, however, is to what extent does 

experience with the phonological patterns of a listener’s native-language influence earlier 

levels of processing. 

The P1N1P2 complex demonstrates access to the acoustic cues within the speech 

signal necessary for speech perception and production (Martin, Tremblay & Korczak, 

2008) and indexes earlier levels of processing than the N400 and the LPC.  

The P1N1P2 complex is a sensory-obligatory detection response to the onset and 

offset of auditory stimuli at midline central electrode sites in adult subjects.  The acoustic 

change complex is the P1N1P2 response to the changing acoustic features or sounds 

within a word, which overlap resulting in a signature waveform for a word (Martin, 
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Tremblay & Stapellis, 2007; Kaukoranta, Hari & Lounasmaa, 1987).  The signature 

waveform in response to the word “say” /sei/ has been shown to be a combination of the 

P1N1P2 complex in response to the sound /s/ alone and the vowel /ei/ alone (Ostroff, 

Martin, and Boothroyd, 1998).   

Auditory cortex on the superior temporal plane is the primary contributor to the 

P1N1P2 complex recorded from fronto-central electrode sites.  N1 generators, also, 

include lateral surface auditory cortex and, possibly, frontal motor or premotor cortex.  

The P2 waveform has multiple generators including primary, secondary auditory cortex 

and the reticular activating system.  While the P1, N1 and P2 waveforms reflect onset 

detection of auditory stimuli they each have differing underlying neural sources and 

independent response patterns (Steinschneider & Dunn, 2002; Martin, Tremblay, & 

Korczak, 2008; Naatanen & Picton, 1987; Ceponiene, Alku, Westerfield, Torki & 

Townsend, 2005).  For example, research has demonstrated that N1 and P2 amplitude and 

latency decrease with increases in frequency of the acoustic signal (Crowley & Colrain, 

2004), however, Wunderlich and Cone-Wesson (2001) found that latency of the N1 

component decreases with increased frequency but the latency of the P2 component did 

not.  This suggests that the P1N1P2 complex to speech stimuli will reflect varied 

functions.  

The T-complex is a sequence of auditory evoked potentials recorded from 

temporal sites and is sensitive to acoustic properties of stimuli.  The peaks consist of a 

negative wave at approximately 70 to 80 ms (i.e., Na), a positive wave at approximately 

100 ms (Ta) and a large negativity around 140-160 ms (Tb).  These components are best 

obtained from lateral temporal electrode sites because they show a radial orientation from 
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their source (Tonnquist-Uhlen, Ponton, Eggermont, Kwong, & Don, 2003; Wolpaw & 

Penry, 1975; Friedrich, Schild, & Roder, 2009; Naatanen & Picton, 1987).  Dipole source 

modeling suggests that the T-complex originates from secondary auditory cortex on the 

lateral surface of the superior temporal gyrus and is at least partially independent from 

P1N1P2 complex (Ponton, Eggermont, Khosla, Kwong, & Don, 2002).   

Differing N1, P2 and T-Complex response patterns have been found in special 

populations leading researchers to investigate the effect of auditory perception training on 

these components.  For instance, trained musicians were found to have a larger P2 

(fronto-central) and a larger left temporal negativity at approximately 150 ms than non-

musicians in response to musical tones.   This finding suggests an influence of auditory 

perceptual skill on the sensory-obligatory components (Shahin, Bosnyak, Trainor & 

Roberts, 2003).  The results of auditory discrimination training studies employed to 

determine the relationship between speech perception and the P2 waveform have shown 

contradictory results (Tremblay & Kraus, 2002; Sheenan, McArthur & Bishop, 2005, 

Reinke, He, Wang & Alain, 2003).  In one study, pre and post training behavior and ERP 

measures were compared in American participants taught to identify syllables having a 

non-native prevoicing/voicing distinction of 10 ms (i.e., -20ms VOT labeled “mba” or -

10ms VOT labeled “ba”).  Identification of the syllables containing the VOT distinction 

improved in 5 out of 7 participants.  The ERP responses to the “mba” or “ba” syllables 

did not differ (pre or post-training) and were, therefore, combined.  The P1N1P2 post-

training response to the combined syllables revealed amplitude changes with the greatest 

change occurring for the P2 component.  Examination of individual response patterns, 

however, revealed that post-training modifications in ERP patterns did not correlate with 
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modifications in individuals’ behavioral response.  The researchers argued that the 

training process activated an alerting mechanism that may support perceptual learning 

resulting in the P2 response.  In another behavioral and ERP study, participants were 

trained to identify “double vowels” within vowel pairs. The vowels were created by 

combining the digital waveforms of two different vowels.  A follow-up behavioral vowel 

identification task found the trained group to have improved significantly and the 

untrained-control group to have improved marginally.  Post-training ERP results revealed 

a significant decrease in P2 latency at right-temporal sites and a significant increase of P2 

amplitude at left-temporal sites for the trained group only.  However, both the trained and 

untrained groups showed modifications in N1 latency at central sites and P2 amplitude at 

central sites and right-temporal sites.  Modifications in N1 and P2 components at central 

sites by the untrained group occurred after only brief exposure drawn to the stimuli 

during the pre-testing session (one week prior) suggesting that attention to stimuli affects 

the components.  Also, no attempt was made to correlate individuals’ behavioral 

performance with ERP waveform changes and, therefore, ERP modifications might have 

reflected greater attention directed to experimental stimuli by the trained group as a result 

of four days of experience with the experimental stimuli (Reinke, He, Wang & Alain, 

2003).  Attention to experimental stimuli clearly influences ERP components after ~50 

ms and has been shown to affect N1, P2 components and P3 components (Eggermont, 

2007; Picton & Hillyard, 1974; Steinschneider & Dunn, 2002).  The aforementioned 

studies suggest that experience with acoustic signals for long durations (i.e., musicians 

versus non-musicians) as well as brief exposure to acoustic features of sounds (including 

a VOT non-native sound contrast) affects the sensory-obligatory components.  Presently, 
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we compare the effect of exposure or lack of exposure to acoustic features of sounds 

during native-language development on the P1N1P2 complex and the T-Complex 

complex.  

Naatanen & Winkler (1999) addressed the issue of speech perception and its 

relationship to the stage of processing reflected in the N1 component stating that the N1 

component cannot reflect integrated sound because the response does not meet the 

requirement “completeness” (p 833).  They write that the supratemporal N1 response 

mainly reflects transient onset and offset detection and does not code temporal 

information of sound unless a change in the auditory signal occurs.  They propose that the 

N1 component may reflect either the final stage of auditory processing before sound 

representation (reflected within the mismatch negativity, MMN) or N1 generators (from 

fronto-central sites) may not lie within a serial path with generators involved in sound 

representation as suggested by Davis & Zerlin (1966).  The latency of the MMN, a 

component that can index speech discrimination, overlaps with the latency of the P2 

component.  For this reason, it has been suggested that the P2 component may reflect 

sensory encoding leading to perception or, perhaps, mechanisms to facilitate or inhibit 

conscious perception (Naatanen & Winkler, 1999; Ceponiene et al., 2005; Tremblay & 

Kraus, 2002).  Heightened awareness of auditory stimuli following exposure, evident 

through P2 modifications in the aforementioned studies, suggests that P2, in part, reflects 

neural activity facilitating or inhibiting conscious perception (Ceponiene et al., 2005).  

The current research was part of a larger project, which examined contextual 

effects on perception of /pt/, a consonant cluster that occurs in English, but, not in the 

context examined, word onset.  The acoustic features of a phoneme (e.g., /p/) vary 
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depending on the context of that phoneme, that is, the specific sound, which precedes or 

follows, or the presence or absence of a period of silence preceding or following.  As an 

example, if /p/ is heard in syllable onset (e.g., “pat”), the phone consists of a rapid rise in 

the first formant frequency during opening of the lips. If /p/, on the other hand, is heard in 

syllable coda (e.g., “tap”), the phone consists of a rapid fall in the first formant frequency, 

related to lip closure for the /p/ (Bordon, Harris, & Raphael, 2003 p 113).  The 

phonotactic rules of a language (i.e., the permissible sequences of phonemes, including 

consonant clusters in onset and coda positions) determine all the allowable contexts of a 

phoneme.  Both native-Polish and native-English listeners experience the /pt/ cluster in 

their language (e.g., Polish: “ptak”- bird, “Petronella”- a fairy tale character; English; 

“kept”, “except”) but only the Polish group experiences the cluster in word onset.  Hence, 

the Polish group, alone, experiences the acoustic features of the /pt/ consonant cluster in 

the context, word onset (see Chapter 2 for further detail). 

Perception of the /pt/ cluster was explored within a sound contrast, /pt/ versus 

/p´t/, within nonsense word stimuli in native-English and native-Polish listeners because 

the sound contrast is a linguistic contrast in word onset in Polish (e.g., Polish: “ptak”- 

bird, “Petronella”- a fairy tale character) but is not a linguistic contrast in word onset in 

English (e.g., English: “petunia”). The contrast /st/ versus /s´t/ within nonsense words 

was presented as a control because both languages have the contrast in word onset (e.g., 

Polish: “stal”- steel, “suterena”- basement; English: “step”, “sateen”).  The participants 

were presented with same and different nonsense word pairs (e.g., /ptimA-ptimA/, 

/p´timA-p´timA/, /ptimA-p´timA/, /p´timA-ptimA/, /stimA-stimA/, /s´timA-s´timA/, 

/stimA-s´timA/, /s´timA-stimA/) and were required to determine if the second word in the 
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pair had two or three syllables.  ERPs were recorded and epochs were time-locked to both 

the first and second words in the pair.  As reported in Chapter 2, the behavioral task 

revealed that the Polish listeners were able to distinguish the two and three-syllable 

nonsense words that began with /pt/ or /p´t/ and English listeners were not.  Also, the 

language groups’ behavioral pattern of response was reflected in a late positive 

component of the ERP waveform having a posterior parietal topography peaking at 

approximately 500 ms and, to some extent, in a positive focal fronto-central component 

peaking at 400 ms (see Chapter 2 for details).  In this chapter, we report the P1N1P2 and 

T-Complex responses to the first word in the word pairs to determine whether the native-

language perceptual behavior is reflected in early event-related potentials, indexing 

acoustic processing.   

We hypothesized that native-language speech perception patterns would not be 

reflected at the early stage of cortical processing indexed by the P1N1P2 complex and the 

T-Complex, rather, universal acoustic properties would be indexed at this stage.  

Specifically, we predicted different auditory signature waveforms at fronto-central 

electrode sites for the four word forms presented, 2-syllable pt onset words, 3-syllable pt 

onset words, 2-syllable st onset words and 3-syllable st onset words and we predicted that 

these waveforms would be the same for both native-language groups.  Furthermore, we 

predicted the T-Complex response to the four word types would be the same for both 

groups.  
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METHOD 

Twenty-four subjects participated in the study (English: 8 female and 4 male; 

mean = 29 years; Polish: 8 female and 4 male; mean = 30 years) (See Chapter 2, method 

section).  The native-Polish listeners were bilingual Polish-English speakers who had 

emigrated from Poland to the United States as young adults, after 15 years of age. The 

English listeners reported having no exposure to Polish or other Slavic languages. 

Participants had no history of speech, language, or cognitive impairment and passed a 

hearing screening at 25dB HL (500 Hz, 1 KHz, 2 KHz, and 4 KHz; Welch-Allyn 

Audioscope 3, calibrated 1/9/07; testing conducted between March & June, 2007).  Two 

Polish and one English participant were left-handed; all others were right-handed. 

Stimuli 

Natural speech stimuli consisting of nonsense words (henceforth termed “words”) 

produced by a male bilingual Polish-English speaker were recorded with a Shure SM48 

microphone, Earthworks microphone, Preamp lab 101 using the software program, Sound 

Forge, version 4.5 (Build 49) on a Dell Dimension XPS B800 Pentium III computer with 

Sound Card, Creative SB Live! Basic (WDM) (sampling rate - 22,050; 16-bit resolution; 

channels mono).  Selected nonsense word stimuli were copied to separate files and 

preceding and following silence intervals were removed.  Selected stimuli were 

normalized to -20 dBVU and DC offset was set to zero (Sound Forge version 4.5). 

Stimuli were potential real words in Polish and English with the exception of all 

nonsense words that began with /pt/, an illegal phonotactic form in English.  Phoneme 

sequences that followed the /pt/, /p´t/, /st/ and /s´t/ onset segments in the words varied 

and words in the pt and st conditions were matched for rhyme as closely as possible. 
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Also, words within the pairs were matched for fo contour.  The mean and range for the 

word lengths for each of the four word forms follow: three-syllable pt: mean = 552 ms, 

range 481-675 ms; two-syllable pt: mean  = 490 ms, range 417-604 ms; three-syllable st: 

mean = 698 ms, range 633-801 ms; two-syllable st: mean = 622 ms, range 551-698 ms. 

E-Prime software, version 1.1 (on Dell Precision PWS 670 Intel (R) computer) 

was used for stimulus presentation and button-press response recording.  Stimuli were 

delivered in a sound-treated, electrically shielded room and presented through speakers. 

Stimuli were presented at intensity levels ranging from 51 to 63 dB SPL (Sound level 

meter: B&K 2203 with a B&K 4144 mic,“A” weighting). 

Four pt conditions and four st conditions consisted of 100 word pairs each (250 

ms inter-stimulus interval; 2000 ms inter-trial interval).  Word pairs were presented in 10 

blocks with 80 pairs in each block.  Stimulus pairs were randomized within blocks and 

the blocks were presented in a random order.  

EEG recordings were measured using a 65 channel Geodesic Sensor Net 

(Electrical Geodesic, Inc) with silver/silver-chloride (Ag/AgCL) plated electrodes.  

Impedance levels for each electrode were at or below 40 kOhms, an acceptable level for 

the high-impedance amplifiers used (Ferree, Luu, Russell & Tucker, 2001).  Electrodes 

placed above and below the eyes monitored eye movements and eye blinks.  The EEG 

sampling rate was 250 Hz and EEG was bandpass filtered between 0.1 and 30 Hz and 

referenced to Cz.  The continuous recording was segmented into epochs consisting of a 

200 ms baseline and a 1600 ms post-onset segment.  Artifact rejection was set at  +/- 70 

microvolts.  Data from bad channels was replaced by spline interpolation.  Data was 
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baseline corrected from -100 ms to 0 ms. and re-referenced to an average reference 

(Electrical Geodesic, Inc).  Epochs were time-locked to the first word in the word pair.   

GFP reduction was used in the first analysis to determine whether there were 

group and stimulus differences in 24 ms time-intervals between 64 ms and 472 ms. GFP 

calculates variance across electrode sites (i.e., the standard deviation of voltage from 64 

channels at each data point) providing an objective reference-free measure of the time 

intervals of maximum brain activity (Lehmann & Skrandies, 1980; Shafer, Ponton, Datta, 

Morr & Schwartz, 2007; Sussman, Steinschneider, Gumenyuk, Grushko & Lawson, 

2008).  Current Source Density (CSD) transformations at fronto-central, lateral temporal 

sites and lateral frontal sites, that corresponded to time-intervals having peak GFP, were 

examined.  The CSD data were created using the second spatial derivative of the voltage 

potential (Perrin et al., 1989; Sussman et. al., 2008) performed with Brain Electric Source 

Analysis (BESA EEG V5.1; 2005).  CSD emphasizes shallow depth current flow 

suggesting sources in neocortex (Pernier et al., 1988; Steinschneider & Dunn, 2002; 

Steinschneider et al., 1992; Martin et al., 2003). Greenhouse-Geisser correction was 

applied for three or more factors of site and Tukey HSD was used for post hoc 

comparison.  Only main effects of condition and language group and significant 

interactions involving condition will be reported. 

The average amplitudes of 24 ms time-windows were used in the analysis to 

further reduce the data. The fronto-central P1N1P2 response was obtained from four 

Geodesic sites: fronto-central (site 4), left fronto-central (site 5), vertex (Cz) and right 

fronto-central (site 55) (Electrical Geodesic Inc.).  The T-Complex was obtained from 

four sites: left-anterior temporal (AL, site 20), left-posterior temporal (PL, site 24), right-
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anterior temporal (AR, site 56), right-posterior temporal (PR, site 52). The lateral frontal 

waveform response was obtained from the left-lateral frontal (site 15) and right-lateral 

frontal (site 61) sites (See Figure 2.1 for a map of Geodesic Inc. electrode sites). 

Each of the four word forms within the experimental stimuli occurred as the first 

word in the pair within two experimental conditions.  For example, 100 words that have a 

/pt/ onset (e.g., /ptimA/) were presented as the first word in a same pair and as the first 

word in a different pair (see chapter 2 for greater detail).  Therefore, each participant’s 

response to the word forms was averaged across the two experimental conditions. Hence, 

statistical analysis for each participant was computed on a maximum of 200 experimental 

trials.  Figure 3.1 depicts an overlay of auditory word signatures (fronto-central site) 

obtained from two separate experimental conditions, which contained the same 100 word 

stimuli, demonstrating consistency of response. 

 

 

 

 

 

 

 

 

 

 

 



 124 

RESULTS 

TWO AND THREE-SYLLABLE PT WORD FORMS 

GFP pt 2 and 3-syllable words: Figure 3.2 shows apparent differences in GFP 

between 50 and 400 ms for 2 and 3-syllable pt words.  A condition (2) x time (9) x group 

ANOVA on 24 ms time intervals between 184 and 376 revealed that the 2 and 3-syllable 

pt words differed for the intervals 304 and 328 ms. The language group response was not 

different.   

A condition (3-syllable pt words, 2-syllable pt words) x time (5) x group analysis 

of GFP for the time intervals between 64ms and 160 ms revealed no main effect of group 

or significant interactions.  Analysis of the time intervals between 184 and 376 ms 

revealed no main effect of condition and a significant interaction of condition x time (F 

(8, 176) = 2.698; p =.008; partial eta squared = .109).  Post hoc comparisons of the 

condition x time interaction found the conditions to differ for time intervals, 304 and 328 

ms (p < .01).  

GFP peaks corresponded to activity in CSD maps from fronto-central, lateral 

temporal and lateral frontal sites. 

CSD analysis, P1N1P2 fronto-central sites, pt 2 and 3-syllable words: The 

fronto-central response to the pt 2 and 3-syllable words differed roughly between 200 and 

350 ms. No interaction of condition x group was found suggesting that the language 

groups response to the 2 and 3-syllable pt words did not differ as shown in Figure 3.3.  

The Polish language group demonstrated a more negative waveform for the pt stimuli 

than the English group. 
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CSD analysis of the time bins between 88 ms and 256 ms in a condition (2) x time 

(8) x site (4) x group ANOVA of CSD data revealed no main effects and a condition x 

time interaction (F (7, 154) = 12.225, p = .000, partial eta squared = .357).  Post hoc 

comparison of the condition x time interaction found the conditions to differ for the time 

intervals 208 (p = < .05), 232 ms (p = < .01) and 256 ms (p = <.01) as shown in Figure 

3.3.  Condition and language group did not interact (p = .207).  Analysis of the Polish 

group separately in a condition (2) x time (8) x site (4) ANOVA revealed no significant 

main effects and a significant interaction of condition x time (F (7, 77) = 12.225, p = 

.011, partial eta squared = .274).  Post hoc comparisons did not find conditions to differ 

significantly for the 8 time intervals.  Analysis of the English group separately in a 

condition (2) x time (8) x site (4) ANOVA revealed no significant main effects and a 

significant interaction of condition x time (F (7, 77) = 10.473, p = .000, partial eta 

squared = .488).  Post hoc comparisons found the conditions to differ for the final 2 time 

intervals 232 and 256 ms (p < .01). 

CSD analysis of the time intervals between 280 ms and 496 ms in a condition (2) 

x time (10) x site (4) x group ANOVA found a main effect of group (F (1,22) = 9.387; p 

= .006; partial eta squared = .299) and a significant interaction of condition x time (F (9, 

198) = 8.262; p = .000; partial eta squared = .273).  Post hoc comparisons revealed 2 and 

3-syllable words to differ for the time intervals 304 and 328 ms (p = < .01).  Language 

groups differed by a mean of  .09 uV (Polish mean = -.15 mV, std. err .02; English mean 

= -.06, std. err = .02), however, a significant interaction of condition x group was not 

found (p =.27) suggesting the language group response was not different for the 2 and 3-

syllable pt words.  
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Each language group was analyzed separately for the time intervals between 280 

and 496 ms in a condition (2) x time (10) x site (4) ANOVA follows.  Analysis of the 

English group revealed no main effect but a significant interaction of condition x time (F 

(9, 99) = 5.021; p = .004; partial eta squared = .313).  Post hoc comparisons found the 2 

and 3-syllable words to differ significantly for the 328 ms time interval (p = .031).  

Analysis of the Polish group revealed no main effect but a significant interaction of 

condition x time (F (9, 99) = 4.269; p = .033; partial eta squared = .280).  Post hoc 

comparisons of the condition x time interaction revealed the condition to differ for the 

304 (p = .013) and 328 ms time intervals (p = .000).  The auditory word signatures for the 

2 and 3-syllable pt words did not differ for the language groups. 

CSD analysis T-Complex, pt 2 and 3-syllable words:  Analysis of the time 

intervals between 40 ms and 256 ms found the pt 2 and 3-syllable words to differ only for 

the right anterior temporal site and not the left anterior temporal sites suggesting an 

hemisphere effect for the pt word forms that did not differ for the language groups.  

Analysis of the posterior temporal sites between 40 and 256 ms revealed the language 

groups to respond differently to the 2 and 3-syllable word forms. Post hoc analysis did 

not find the word forms to differ significantly for either group.   

Specifically, the analysis between 40 and 256 ms in a 2 (2-syllable, 3-syllable) x 

10 (Time) x 4 (AL, PL, AR, PR) x group ANOVA revealed no main effect of condition 

or group and a significant interactions of condition x time x site (F (27, 594) = 2.424; p = 

.015; partial eta squared = .099).   A step-down procedure analyzed anterior and posterior 

sites separately.  Analysis of the left and right-posterior temporal sites in a condition (2) x 

time (10) x sites (2) x group ANOVA revealed no main effects of condition or group and 
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a significant condition x group interaction (F (1, 22) = 8.235; p = .009; partial eta squared 

= .272) with the Polish group having a more negative response to the 2-syllable pt words 

as shown in Figure 3.4.  Post hoc analysis, however, did not find conditions to differ 

significantly by group.  Figure 3.5 illustrates a large negativity at 200 ms from the left 

posterior temporal site in response to the pt words that differs for the language groups.  

Each language group analyzed separately in a condition (2) x time (10) x sites (left, right-

posterior temporal sites) ANOVA revealed no significant main effect or interactions.  

Analysis of the left and right-anterior temporal sites in a condition (2) x time (10) x site 

(2) x group ANOVA revealed no main effect of group or condition and a significant 

interaction of condition x site (F (1, 22) = 7.307; p = .013; partial eta squared = .249).  A 

significant interaction of condition x time x site was also found (F (9, 198) = 4.467; p = 

.000; partial eta squared = .169).  Post hoc analysis found the conditions were not 

significantly different at either site.  An analysis of the left-anterior temporal site in a 

condition (2) x time (10) x group ANOVA followed the three-way interaction and did not 

find significant main effects or interactions.  The same analysis of the right-anterior 

temporal site revealed no main effect of group, a main effect of condition (F (1, 22) = 

8.937; p = .007; partial eta squared = .289) and a significant interaction of condition x 

time (F (9, 198) = 2.75; p = .005; partial eta squared = .111).  Conditions were 

significantly different for the time intervals 184, 232 and 256 ms (p < .01).  In sum, the pt 

conditions showed differences between 40 and 256 ms from right, but not left anterior 

temporal sites as shown in Figures 3.6 through 3.8.  
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Analysis of the later time window between 280 and 496 ms did not find the 2 and 

3-syllable pt words to differ significantly for any of the 10 time intervals and language 

groups did not differ. 

A condition (2) x time (10) x site (4) x group ANOVA within the time window 

between 280 and 496 ms revealed no main effect of group or condition and no significant 

interactions.  A separate analysis of anterior and posterior temporal sites follows to 

explore hemisphere.  Analysis of the posterior temporal sites in a condition (2) x time 

(10) x site (2) x group ANOVA revealed no main effects, a significant interaction of 

condition x time (F (19, 198) = 3.861; p = .000; partial eta squared = .149 and a 

significant interaction of condition x time x group (F (19, 198) = 1.932; p = .049; partial 

eta squared = .081.  An analysis of the left and right posterior sites, separately, follows 

the three-way interaction.  Analysis of the left posterior temporal site in a condition (2) x 

time (10) x group ANOVA revealed no main effects and a marginally significant 

interaction of condition x time (F (19, 198) = 1.913; p = .052; partial eta squared = .080.  

Analysis of the right posterior temporal site revealed no main effects and a significant 

interaction of condition x time (F (19, 198) = 3.571; p = .000; partial eta squared = .140.  

Post hoc comparisons found that the conditions did not differ significantly for the 10 time 

intervals. Analysis of the anterior temporal sites in a condition (2) x time (10) x site (2) x 

group ANOVA revealed no main effects and a significant interaction of condition x sites 

(F (1, 22) = 5.572; p = .028; partial eta squared = .202.  Post hoc comparisons revealed 

that the 3-syllable condition differed significantly for the temporal sites (p < .01).  Figure 

3.6 depicts a different pattern for the right and left sites with a more positive response to 
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the 3-syllable pt words compared to the 2-syllable at the right anterior site and a reverse 

pattern at the left anterior site. Condition, time and group did not interact (p = .9) 

CSD analysis lateral frontal, pt 2 and 3-syllable words: A different pattern of 

responding to the pt 2 and 3-syllable words by the English and Polish participants was 

found from the right-lateral frontal site.  Conditions differed significantly for the time 

intervals 208 and 256 ms for the English participant group, but not the Polish group from 

the right-lateral frontal site.  Figure 3.9 illustrates a greater variability of response to the 

2-syllable words for the English participants compared to the Polish participants.  

Analysis of the time intervals between 40 ms and 256 ms in a condition (2) x time 

(10) x site (left-lateral frontal, right-lateral frontal) x group ANOVA revealed no main 

effect of group or condition and a significant interactions of condition x time x site (F 

(9,198) = 2.551; p = .009; partial eta squared = .104) and condition x time x site x group 

(F (9, 198) = 2.98; p = .002; partial eta squared = .119).  A step down analysis of the left 

lateral frontal site revealed no main effect or interactions.   Analysis of the right-lateral 

frontal site revealed marginal effect of language group (F (1, 22) = 4.177; p = .053; 

partial eta squared = .16), no main effect of condition and a significant interaction of 

condition x time (F (9,198) = 6.099; p = .000; partial eta squared = .217) and condition x 

time x group (F (9,198) = 1.987; p = .043; partial eta squared = .083).  Post hoc analysis 

of the condition x time interaction found conditions to differ significantly at time 

intervals 208 ms (p < .05) and 256 ms (p < .01).  The language groups’ data were 

examined separately from the right lateral frontal site to investigate the three-way 

interaction condition x time x group.  Analysis of the Polish group (2 x 10 ANOVA) 

revealed no main effect of condition, main effect of group or a significant interaction.  In 
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contrast, analysis of the English group at the right-lateral frontal site revealed a 

significant condition x time interaction (F (9, 99) = 6.11; p = .000; partial eta squared = 

.357).  Post hoc comparisons of the condition x time interaction for the English group 

found the 2 and 3-syllable pt words to differ for the time intervals 208 and 256 ms (p < 

.05).  As depicted in Figure 3.9, greater variability in response to the 2-syllable pt words 

for the time window between 208 and 256 ms is evident for the English participants 

compared to the Polish participants. 

Analysis of the time intervals between 280 and 496 in a 2 (Condition) x 10 (Time) 

x 2 (left lateral frontal, right lateral frontal) x group revealed no main effect of language 

group or condition and no significant interactions.   

Summary of ERP response to 2 and 3-syllable pt words:  

GFP analysis showed the 2 and 3-syllable pt word forms to diverge during the 

time intervals 304 and 328 ms and the response was the same for both language groups.   

CSD analysis of the midline fronto-central P1N1P2 response to the pt 2 and 3-

syllable words revealed that the words differed roughly between 200 and 350 ms.  

Furthermore, the Polish group demonstrated a more negative waveform for the pt stimuli, 

however, the P1N1P2 complex in response to the 2 and 3-syllable pt words did not differ 

for the language groups.  Therefore, native-English and native-Polish listeners responded 

to 2 and 3-syllable pt words within the fronto-central P1N1P2 complex in the same 

manner.   

CSD analysis of the T-Complex response revealed a hemisphere effect in that a 

greater distinction in response to the 2 and 3-syllable pt words was found at the right 

anterior temporal site compared to the left anterior temporal site during the early time 



 131 

window 40 to 256 ms. Analysis for the later time window between 280 and 496 ms found 

a different response to the 3-syllable pt words at the left and right anterior temporal sites.   

Also, native-language pattern of speech perception were reflected within the T-Complex 

because the language groups responded differently to the 2 and 3-syllable pt words 

between 40 and 256 ms from the right and left posterior temporal sites.  Analysis of the 

later time window between 280 and 496 ms did not find the language groups to respond 

differently to the 2 and 3-syllable pt words. 

A language group effect was found from the lateral frontal sites because the 

English participants’ response to the 2 and 3-syllable pt words differed for the time 

intervals 208 and 256 ms from the right-lateral frontal site but the Polish participants 

response did not.  A greater variability of response was evident for the English listeners 

to the pt 2-syllable words between 208 and 256 ms relative to the Polish listeners 

suggesting more efficient processing for the 2-syllable stimuli.  

TWO AND THREE-SYLLABLE ST WORD FORMS 

GFP st 2 and 3-syllable words: Figure 3.10 shows apparent differences in GFP 

between 50 and 500 ms for 2 and 3-syllable st words, although they appear to be 

somewhat larger for the Polish group than the English group.  A condition (2) x time (7) 

x group (2) ANOVA on 24 ms time intervals between 328 and 472 revealed a significant 

interaction of condition and time.  Post hoc comparisons, however, did not find the seven 

time intervals to differ significantly.  No other main effects or significant interactions 

were found for the time window analyzed between 64 and 160 ms and 184 and 256 ms. 

GFP peaks in response to the 2 and 3-syllable st word forms were analyzed for 

time bins between 64ms and 160 ms in a condition (2) x time (5) x group ANOVA and 
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between 184 and 256 ms in a condition (2) x time (4) x group ANOVA revealing no main 

effect of condition or group and no significant interactions.  Analysis of the GFP between 

328 to 472 ms found no main effects, but a significant interaction of condition x time (2 x 

7 x group ANOVA; F (6, 132) = 3.390; p =.004; partial eta squared = 134).  Post hoc 

analysis of the condition x time interaction did not find conditions to differ for the seven 

time intervals.   

GFP peaks in response to the st stimuli corresponded to activity in CSD maps 

from fronto-central, lateral temporal and lateral frontal regions. 

CSD analysis, P1N1P2  fronto-central, st 2 and 3-syllable words:  Figure 3.11 

shows that the auditory signature waveform differs for the 2 and 3-syllable st words 

particularly between 200 and 500 ms.  

Analysis of time bins between 88 ms and 256 ms in a condition (3 syllable, 2 

syllable) x time (8) x site (4) x group ANOVA revealed no main effect of condition or 

group, but a significant interaction of condition x group (F (1,22) = 9.86, p = .005, partial 

eta squared = .309) and condition x time (F (7, 154) = 8.051, p = .000, partial eta squared 

= .268).  Post hoc comparisons of the condition x group interaction revealed the groups to 

be significantly different for the 2-syllable st word forms, only (p = .017) as shown in 

Figure 3.12 and 3.13.  Also, post hoc comparisons of the condition x time interaction 

found conditions to be significantly different for the time intervals between 232 ms and 

256 ms (p = < .01).  Analysis of the groups separately in a condition (2) x time (8) x site 

(4) ANOVA revealed no significant main effect or interactions for the Polish group.   

Analysis of the English group revealed a significant main effect of condition (F (1,11) = 

10.309, p = .008, partial eta squared = .484) and a significant interaction of condition x 
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time (F (7, 77) = 7.424, p = .000, partial eta squared = .403).  Post hoc comparisons of the 

condition x time interaction for the English group found the st 2 and 3-syllable words to 

differ significantly for the five time intervals between 160 and 256 ms (p < .01).  The 

main effect of condition for the English group found the 2 and 3-syllable words to differ 

by a mean of  -.04 µV (mean 3-syllable = -.014, std err. = 013; mean 2-syllable = .026, 

std err. = .013). 

Analysis of the intervals between 280 and 496 in a condition (2) x time (10) x site 

(4) x group ANOVA, revealed a main effect of group (F (1, 22) = 12.564; p = .002; 

partial eta squared = .364), a significant interaction of condition x group (F (1,22) = 

5.852; p = .024; partial eta squared = .210), a significant interaction of condition x time 

(F (9,198) = 15.347; p = .0; partial eta squared = .411) and a significant interaction of 

condition x site x group (F (3, 66) = 3.320; p = .037; partial eta squared .131).  Post hoc 

comparisons of the condition x group interaction revealed the groups to be different for 

the 2-syllable st forms, only (p < .01) and comparisons of the condition x time interaction 

revealed the conditions to differ significantly for the time intervals 328 (p = .000), 352 (p 

= .000), 400 (p = .023), 424 (p = .000), and 448 ms (p=.015).  The three-way interaction 

of condition x site x group was followed by an analysis of site.  Analysis of the midline 

fronto-central site found a main effect of group (F (1, 22) = 9.243; p = .006; partial eta 

squared = .296) and a significant interaction of condition x time (F (9, 198) = 11.750; p = 

.000; partial eta squared = .348) and condition x group (F (1, 22) = 9.068; p = .006; 

partial eta squared = .292).  Post hoc comparisons of the condition x group interaction 

revealed the groups to be different for the 2-syllable st forms (p < .01) as shown in Figure 

3.12.  Post hoc comparisons of the condition x time interaction revealed the conditions to 
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differ significantly for the time intervals 328 (p = .000), 352 (p = .000), 424 (p = .000), 

and 448 ms (p=.03).  Analysis at the left fronto-central site found a main effect of group 

(F (1, 22) = 10.696; p = .003; partial eta squared = .327) and a significant condition x 

time interaction (F (9,198) = 10.701; p = .000; partial eta squared = .327).  Post hoc 

comparison of the condition x time interaction revealed the conditions to differ 

significantly for the time intervals 280 (p =. 034), 328 (p = .008), 352 (p = .000), 400 (p = 

.045) and 424 (p = .001).  Analysis of the response at Cz found no main effect of group 

or condition and a significant interaction of condition x time (F (9, 198) = 7.411; p = 

.000; partial eta squared = .252).  Post hoc comparisons of the condition x time 

interaction revealed the conditions to differ significantly for the time intervals 424 (p < 

.01) 448 ms (p=.042).  Analysis of right fronto-central site found no main effect of group 

or condition, but a significant interaction of condition x time (F (9,198) = 9.311; p = .000; 

partial eta squared = .297).  Post hoc comparisons of the condition x time interaction 

revealed the conditions to differ significantly for the intervals 328 (p < .01), 352 (p < .01) 

and 424 (p < .05).   

Separate analysis of site revealed that the language groups responded differently 

to the conditions at only the midline fronto-central site.  Furthermore, the conditions 

differed for a longer time window at midline fronto-central and left fronto-central sites 

than right and vertex sites.  

Separate analysis of the groups for the intervals between 280 and 496 in a 

condition (2) x time (10) x site (4) ANOVA follows.  Analysis of the English group 

revealed a main effect of condition (F (1, 11) = 5.321; p = .042; partial eta squared = 

.326) and a significant interaction of condition x time (F (9, 99) = 8.628; p = .000; partial 
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eta squared = .440).  Post hoc comparisons of the condition x time interaction revealed 

the st 2 and 3-syllable conditions to differ for the four time intervals, 280, 400, 424 and 

448 ms (p < .01).  The main effect found the conditions to differ by -.033 µV (3-syllable 

mean = -.068, std. err. = .012; 2-syllable mean = -.035, std. err. = .017).  Analysis of the 

Polish group revealed no main effects, but a significant interaction of condition x time (F 

(9, 99) = 7.804; p = .000; partial eta squared = .415).  Post hoc comparisons found the 

conditions to differ for the time intervals 376 and 400 ms (p < .01).   

The separate language group analyses using all four sites for the time window 

between 280 and 496 ms revealed that each language groups’ response reflected detection 

of the distinction between the 2 and 3-syllable st words and there was an overlap for the 

language groups at the time interval, 400 ms, where detection of the distinction reached 

significance.   

CSD Analysis, T-Complex, st 2 and 3-syllable words: Analysis of the T-Complex 

response to the 2 and 3-syllable word forms for the time-window 40 through 256 revealed 

no main effects or significant interactions (conditions (2) x time (10) x site (4) x group 

ANOVA).  

Analysis of the time-window between 280 and 496 in a condition (2) x time (10) 

x site (AL, AR, PL, PR) x group ANOVA revealed no main effects and a significant 

interaction of condition x time (F (9, 198) = 2.695; p = .05; partial eta squared = .109) 

and condition x time x site (F (27, 594) = 2.978; p = .005; partial eta squared = .119).  

Conditions did not differ significantly for any of the 10 time intervals on post hoc 

comparisons. An analysis of the anterior and posterior temporal sites follows the three-

way interaction.  Analysis of the posterior temporal sites and the anterior temporal sites 
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separately revealed no main effects and a significant interaction of condition x time 

(Posterior temporal: 2 x 10 x 2 x group F (9, 198) = 3.001; p = .002; partial eta squared = 

.120; Anterior temporal: 2 x 10 x 2 x group, (F (9, 198) = 4.499; p = .0; partial eta 

squared = .17).  The conditions did not differ significantly for any of the 10 time intervals 

on post hoc comparisons.  

CSD Analysis, Lateral Frontal, st 2 and 3-syllable words: Analysis of the right 

and left lateral frontal sites (2 x 10 x 2 x group ANOVA) between the time intervals of 40 

and 256 ms revealed no main effects or significant interactions. 

Analysis of the later time window between 280 and 496 ms revealed no main 

effect and a significant interaction of condition x time (F (9, 198) = 10.056; p = .000; 

partial eta squared = .314). Post hoc comparisons revealed the conditions to differ 

significantly for the time intervals 400, 424 and 448 ms (p < .01). 

Summary of ERP response to 2 and 3-syllable st words:  

GFP differences in response to the 2 and 3-syllable st stimuli were not significant.  

CSD analysis found that the P1N1P2 response differed for the 2 and 3-syllable st 

words particularly between 200 and 500 ms.  While both language groups distinguished 

the 2 and 3-syllable stimuli, the language groups responded differently to the 2-syllable st 

words for the time-window between 88 and 496 ms.  

CSD analysis of the T-Complex response to the 2 and 3-syllable st words did not 

find the conditions to differ significantly for any of the time intervals and the language 

group response was not different.  CSD analysis of the T-Complex response to the pt and 

st word forms was more reflective of the native-language pattern of speech perception in 

that the language groups differed for the pt 2 and 3-syllable words (native-language 
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contrast in the Polish language, only) but did not differ for the st 2 and 3-syllable words 

(native-language contrast in Polish and English). 

CSD analysis of the lateral frontal sites revealed the st 2 and 3-syllable words to 

differ significantly for the time intervals between 400 and 448 ms. 
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DISCUSSION 
 
 
P1N1P2 Complex to non-native patterns  

The most important finding in the current research was that sensitivity to native-

language phonotactic patterns was not reflected in the auditory word signatures of the 

P1N1P2 complex.  The auditory word signatures, which distinguish the 2 and 3-syllable 

pt words contained the word onset /pt - p´t/ contrast that is a linguistic contrast in the 

Polish language, but not the English language.  Nevertheless, the auditory word 

signatures for the 2 and 3-syllable pt words were highly similar for the native-Polish and 

native-English listeners.  As reported in Chapter 2, English participants in a behavioral 

task were unable to distinguish words beginning with /pt/ or /p´t/ within a syllable 

identification task and this inability was reflected in a late positive ERP component (i.e., 

LPC) peaking at approximately 500 ms.  These same English participants demonstrated 

auditory word signature responses (P1N1P2 complex) to the 2 and 3-syllable pt words 

that were not different from the Polish participants.  These results suggest that English 

listeners (as well as the Polish listeners) have access to the acoustic features 

distinguishing the word onset non-native contrast, /pt/ versus /p´t/.  

Previous studies suggest that the P2 obligatory auditory evoked potential (AEP) is 

sensitive to experience.  A group of skilled musicians demonstrated a greater P2 

amplitude in response to musical tones relative to non-musicians (Shahin et al., 2003).  

Also, a short period of auditory exposure and auditory discrimination training resulted in 

modified P2 amplitude/latency responses (Tremblay & Kraus, 2002; Sheenan et al., 2005; 

Reinke, 2003).  Exposure to one’s native-language provides the ultimate practice of a 
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skill, speech perception of native-language contrasts.  Why, then, does the Polish group 

not demonstrate a greater P2 response to the 2-syllable /pt/ words?  Polish listeners have 

experience with the contextual acoustic features of word onset /pt/ during development, 

whereas English listeners do not.  Consider that musicians’ life-long experience with 

musical tones modified P2 amplitudes, but Polish listeners’ native-language experience 

with contextual features of the /pt/ onset cluster did not affect the P2 amplitudes of the 

P1N1P2 complex relative to the English listeners.  During development, both musicians 

and non-musicians are exposed to musical tones of the culture but one group has greater 

experience than the other.  In contrast, phonotactic constraints of English prevent word 

onset /pt/ and, hence, the acoustic features of the word onset cluster do not occur in the 

language.  Hence, the greater P2 response by the musicians in Shahin et al., may reflect 

greater attention to the musical tones.  A stimulus must be salient to be targeted for 

attention (Coull, 1998).  We suggest that exposure to the acoustic features of the word 

onset /pt/ cluster within the language during development is necessary for the features of 

the cluster to be salient. Therefore, detection of the acoustic features of the /pt/ onset 

cluster is reflected within the P1N1P2 complex by both language groups, but differing 

degrees of attention to the stimuli is not.  The English group does not demonstrate greater 

attention to the 2-syllable pt words because they are not salient.  The Polish group does 

not show increased levels of attention to either the 2 or 3-syllable word.  We continue this 

discussion below when we compare the fronto-central response to the pt and st contrasts. 

Ceponiene et al., suggested that the P2 component might, partially, reflect 

modulation of the access to speech perception (2002, p 402).  Also, Tremblay and Kraus 

suggested that P2 might reflect “ a pre-attentive alerting mechanism that contributes to 
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improved perception, but is not necessarily associated with acoustic or linguistic 

encoding” (2002, p 570).  We found no evidence within our results to support the claim 

that P2 reflects modulation of access to speech perception or that the P2 reflects a pre-

attentive alerting mechanism that contributes to improved perception because the Polish 

listeners’ response did not show a difference in P2 despite years of experience with the pt 

contrast.  Ceponiene and colleagues’ model infers a serial pathway with neural generators 

underlying the P2 response to lead to neural processes contributing to speech perception.  

A parallel pathway with neural generators different than those underlying the P2 

component has been suggested for neural processes contributing to speech perception 

(Winkler & Naatanen; 1999; Davis & Zerlin, 1966).  Our results suggest a parallel 

pathways because language-group differences in response to the 2 and 3-syllable pt 

words were found from lateral temporal sites but not fronto-temporal sites during an early 

time window between 40 and 256 ms.   

T-Complex to non-native patterns 

The English and Polish native-language groups responded differently to the 2 and 

3-syllable pt words between 40 and 256 ms from the posterior temporal sites (right and 

left).  The Polish group demonstrated a more negative waveform response for the 2-

syllable words relative to the 3-syllable pt words with the opposite pattern for the English 

group.  A T-Complex response indexing neural processes important for speech perception 

has been previously demonstrated (Tonnquist-Uhlen et al., Shafer, Schwartz & Martin, in 

press).  Furthermore, a lateral temporal effect of auditory experience is consistent with 

the findings of Shahin et al., (2003) and Reinke et al., (2003).  Whereas primary and 

secondary auditory cortices on the supra-temporal plane are major contributors to the 
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P1N1P2 complex, secondary auditory cortex on the lateral surface of the superior 

temporal gyrus is a major contributor to the T-Complex.  Language group differences 

would be expected at higher levels of speech processing within secondary auditory 

cortex.  A different response to the 2-syllable pt word forms  (illegal word form in 

English) within the T-Complex by the language groups began within an early time 

window between 40 to 256 ms time window.  This effect of native-language at short 

latencies suggests that parallel processes within secondary auditory cortex are active in 

native-language speech perception.  

The English and Polish groups also responded differently to the pt 2 and 3-

syllable words from the right-lateral frontal site and the English participants showed large 

variability of response relative to the Polish participants between 200 ms and 275 ms 

from the right-lateral frontal site. These results also suggest a native-language effect. 

The P1N1P2 response to native-language patterns  

The P1N1P2 response (CSD) to the st word forms, which contain the word onset 

contrast /st - s´t/ found in both English and Polish, differed for the native-language 

groups.  The st 2 and 3-syllable word forms were distinguished within the P1N1P2 

roughly between 230 and 475 ms for both language groups, however, a different response 

to the 2-syllable st words was found for the Polish and English listeners.  The 2-syllable 

st words differed for the language groups with the Polish group showing a more negative 

response for the time-window between 88 ms and 496 ms.  This negativity may be the 

processing negativity (PN) observed in previous studies when participants were 

instructed to attend to a stimulus (Shafer, Ponton, Datta, Morr, & Schwartz, 2007; 

Steinschneider and Dunn, 2002).  Language group processing differences to the st 
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contrast were, also, found in our target word data analysis (second word of the word pair) 

reported in Chapter 2.  Specifically, the English and Polish participants’ response 

demonstrated amplitude and topographical differences to the st contrast within a late 

positive component at approximately 500 ms reflecting processing differences to a 

contrast that occurs in both languages.  Also, a large GFP response by the English group 

to the 2-syllable st target word of the different pair, not seen in the Polish participants’ 

data, is suspected to reflect ease of processing by the English group (Chapter 2).  A 

processing negativity within the fronto-central response to the 2-syllable st words greater 

for the Polish group in the prime word data, in addition to processing differences to the st 

contrast in the target word data, suggest that the language groups have differing linguistic 

experience with the 2-syllable st stimuli.  The different response to the 2-syllable st 

words and not the 3-syllable words favors an explanation of differing linguistic 

experience over a differing response to our speaker’s English accent (see Chapter 2 for 

details regarding the speaker of the experimental stimuli).  Taken together, it appears the 

English listeners were more assured of perception of the 2-syllable st word forms and the 

Polish listeners engaged more attentional resources to the 2-syllable st stimuli.  The 

reasons for these differences will have to await a comparative linguistic analysis of these 

phoneme sequences within words in the two languages.  It will also be important to 

replicate this finding in another group of English and Polish participants to ensure that the 

finding is related to language experience differences rather than some unknown group 

difference.  Future research may find that words containing the /st/ onset in English (i.e., 

stop, star, stair, step, stick) are more frequent, more common, or are learned earlier than 

words beginning with /st/ in Polish. 
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The T-Complex response to native-language patterns  

The T-Complex response to the st contrast was not different for the native-

language groups.   Furthermore, the contrast within the 2 and 3-syllable st words was not 

evident within the T-Complex, whereas the 2 and 3-syllable pt stimuli were distinguished 

within the T-Complex response. The N1 amplitude being smaller in response to high 

frequency sounds is argued to be a result of the tonotopic organization of the auditory 

cortex on the superior temporal plane with neurons responding best to high frequency 

stimuli being deeper than neurons responding to low to mid frequency stimuli 

(Wunderlich and Cone-Wesson, 2001).  The tonotopic organization of auditory cortex 

may explain our findings from lateral temporal sites. 

Comparison of the P1N1P2 complex and the T-Complex response to a 

linguistic and non-linguistic contrast 

Interestingly, the P1N1P2 response did not reflect the native-language patterns of 

speech perception in that the response to the pt stimuli was the same for the language 

groups and the response to the st stimuli, which was phonologically contrastive for both 

groups, was different for the language groups.  The N1 and P2 of the P1N1P2 response is 

affected by attention to stimuli (Picton & Hillyard,  Steinschneider & Dunn, 2002) and 

differing linguistic experience may have affected the language groups’ response to the st 

stimuli.  On the other hand, the English language group was perceptually unaware of the 

distinction within the pt contrast, as discussed in Chapter 2, therefore, the 2-syllable pt 

words could not be targeted for attention by our English participants (Coull, 1998).   

In contrast to the fronto-central response, the T-Complex reflected the native-

language patterns of speech perception with a different language group response for the 
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pt but not the st stimuli consistent with the behavioral patterns of speech perception 

reported in Chapter 2.  An unexpected result was the time window for the language group 

differences within the T-Complex response beginning at a relatively short latency. These 

results suggest parallel processes involved in sound representation for the perception of 

speech.    

Hemisphere Effect 

A right hemisphere effect was found for the English and Polish listeners in 

response to the pt words.  A distinction was found between the 2 and 3-syllable pt words 

from the right-anterior temporal site between 180 and 275 that was not found from the 

left hemisphere site.  A hemisphere effect was not found for the st contrast.  These results 

are consistent with Zhang et al., (2005) who found left-hemisphere processing for a /ra-

la/ sound contrast and not a /ba-wa/ contrast. 

CSD analysis 

CSD analysis was applied to the data because the analysis has been shown 

(animal research) to correspond to extracellular potentials associated with current sinks 

and sources within cortical laminae (Steinschneider & Dunn, 2002; Steinschneider et al., 

1992).  CSD analysis emphasizes cortical sources by removing information that probably 

has origins in deeper subcortical regions.   

Analysis of raw voltage data, reported elsewhere, also found that the language 

groups’ response to the 2 and 3-syllable pt words within the P1N1P2 response were not 

different.  On the other hand, the results of the raw voltage data analysis and CSD 

analysis found different results pertaining to the language groups’ response to the 2 and 

3-syllable st words within the fronto-central response.  Specifically, CSD analysis found 
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group differences within to the 2 and 3-syllable st stimuli and raw voltage data analysis 

did not suggesting that CSD analysis reveals higher-level processing reflecting native-

language patterns of speech perception and fine-grained aspects of native-language 

speech perception. 

 Conclusion  

In conclusion, our findings suggest that language experience, in general, is 

sufficient to allow for precise registration of the acoustic-properties of speech at the level 

of the P1N1P2 complex.  Furthermore, a parallel system of processing reflected within 

the T-Complex component may reflect neural networks contributing to native-language 

speech perception. 
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Figure 3.1 depicts the auditory word signatures for the 3-syllable st word forms 
(top) and the 3-syllable pt word forms (bottom) from the fronto-central site.  An 
overlay of the auditory word signatures from two experimental conditions 
demonstrates the consistency of response 
 

 
 

 
 

 



 147 

 
 

 
Figure 3.2 illustrates the GFP analysis of the response to the 2 and 3 syllable pt 
words for Polish (top) and English (bottom) listeners 
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Figure 3.3 depicts the grand mean auditory waveforms in response to the 2 and 3-
syllable pt words from the midline fronto-central site for the Polish (top) and 
English (bottom) participants.  Notice the highly similar auditory word signature 
patterns for the 2 and 3-syllable words for the language groups. The raw voltage 
waveforms are shown 
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Figure 3.4 (top) illustrates a different response to the 2-syllable pt word forms by 
English and Polish groups from posterior temporal sites between 40 and 256 ms. 
(bottom) The same response is depicted across time 
 
 
 
 



 150 

 

 
Figure 3.5 illustrates a more negative T-Complex response at 200 ms to the 2 
syllable pt words by the Polish participants (top) but not the English participants 
(bottom). Raw voltage data is shown.  Each waveform is the grand mean from one 
of the two averaged conditions 
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Figure 3.6 (top) depicts a right-anterior temporal hemisphere effect in response to 
the 2 and 3-syllable pt words in Polish and English participants within the time 
window between 40 and 256 ms. (bottom) A more positive response to the 3-syllable 
pt word than the 2-syllable word at the right anterior site is shown with a reverse 
pattern at the left anterior site 
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Figure 3.7 depicts a greater negative T-Complex response to the 2-syllable pt words 
at 200 ms from the right anterior temporal site (top) but not from the left anterior 
temporal site (bottom) for Polish participants.  Raw voltage data is shown for one of 
the two averaged conditions 
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Figure 3.8 depicts a small negative T-Complex response to the 2-syllable pt words at 
180 ms from the right anterior temporal site (top) for the English participants but 
not from the left anterior temporal site (bottom).  Raw voltage data is shown for one 
of the two averaged conditions 
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Figure 3.9 depicts the English (top) and Polish listeners’ (bottom) response to the pt 
words from the right lateral frontal site. Notice the small variability for the Polish 
participants' response to the 2-syllable words between 208 and 256 ms relative to the 
English participants’ response 
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Figure 3.10 illustrates the GFP analysis of the response to 2 and 3 syllable st words 
for Polish (top) and English (bottom) listeners 
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Figure 3.11 depicts the grand mean auditory word signature waveforms in response 
to the 2 and 3-syllable st words from the fronto-central site for the Polish (top) and 
English (bottom) participant group.  Notice the highly similar auditory word 
signature patterns for the 2 and 3-syllable words for the language groups. The raw 
voltage waveforms are shown 
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Figure 3.12 depicts the different language group P1N1P2 response (CSD) to the 2-
syllable st words for the time interval between 88 and 256 ms (top) and for the time 
interval between 280 and 496 ms (bottom).  Note the different scales 
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Figure 3.13 (top) depicts the P1N1P2 response (CSD) to the 2 and 3-syllable st words 
between 88 and 256 ms from four fronto-central sites.  Notice the negative response 
to the 2-syllable words relative to the 3-syllable words for the Polish group and a 
reverse pattern for the English group.  (bottom) A similar pattern is seen for the 
later intervals between 280 and 496 ms from the midline fronto-central site  
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CHAPTER 4 

CONCLUSION 
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The phonotactic patterns of Polish and English permit a natural experiment, which 

allowed us to investigate the effect of exposure (or lack of) to a word onset cluster (/pt/) 

on speech perception and on various stages of neural speech processing.  The results of 

the dissertation have demonstrated that (1) contextual features of the phonemes are 

intrinsic to perceptual speech processing and (2) native-language patterns of speech 

perception are reflected in the ERP waveform in early and late stages of neural speech 

processing.  The results revealed that the acoustic signals of speech are registered during 

early stages of processing within cortical sources underlying the P1N1P2 complex 

whether or not the acoustic features of phonemes are perceived and native-language 

speech perception is reflected within the T-Complex from lateral-temporal sites at early 

stages of processing beginning at 40 ms.  

The current dissertation investigated native-Polish and English listeners’ 

behavioral and ERP responses to word onset consonant clusters (/st/ and /pt/) and their 

contrast segments (/set/ and /pet/).  The phonotactic pattern of English, which precludes 

the word onset /pt/ cluster, resulted in English listeners being unable to distinguish 2 and 

3-syllable pt words for a syllable identification task.  These same English and Polish 

participants responded to the acoustic signals of the 2 and 3-syllable pt words at early 

levels of neural processing within the P1N1P2 complex in the same manner.  Therefore, 

the underlying sources of the P1N1P2 sensory-obligatory component register the acoustic 

signals of speech whether or not they are perceived.  This finding is consistent with 

studies of speech perception, which have found that individuals retain the ability to 

discriminate non-native contrasts under controlled laboratory conditions (Strange & 

Shafer, 2008, Strange & Dittman, 1984).  Furthermore, our results revealed that both the 
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acoustic and linguistic aspects of speech are registered at early stages of processing but 

from different brain sources. The current results provide neurophysiological support for 

Strange & Shafer’s automatic selective perception model (2008), which states that native 

(phonological contrasts) and non-native (acoustic contrasts not phonological in the 

native-language) contrasts can be discriminated but in a different manner.  Strange & 

Shafer reported that native-language contrasts are perceived rapidly and automatically 

even under suboptimal conditions and that non-native contrasts can be perceived but in a 

different (non-automatic) manner.  Japanese listeners trained to accurately discriminate 

/r/ and /l/ within word onset (i.e., rock/lock) using a synthetically created continuum were 

unable to generalize learning to other words (i.e., rake/lake) or contexts (Strange & 

Dittman, 1984).  In summary, the dissertation findings suggest a parallel cortical network 

for perceptual processing of linguistic discriminations (phonologically contrastive within 

the native-language) that begins at early stages of cortical speech processing consistent 

with the view that a different processzz  occurs for perception of native (linguistic) and 

non-native contrasts (acoustic).  

 Martin, Tremblay & Korczak (2008) suggested that the P1N1P2 complex 

provides information concerning an individual’s access to the acoustic signals of speech. 

Our findings together with those of Strange & Shafer (2008) support Martin et al., in that 

the acoustic signals of speech are registered at cortical levels irrespective of native-

language input.  The non-native listeners have access to the acoustic information as 

demonstrated under controlled laboratory conditions.  The neural networks for automatic 

speech perception follow a different path, thereby affecting behavioral speech perception 

within more natural speech environments. Davis and Zerlin (1966) proposed that the 
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sources underlying the fronto-central P1N1P2 complex do not precede cortical processes 

underlying the perception of speech in a serial manner (Naatanen & Winkler, 1999) 

consistent with the current findings. 

ERP epochs time-locked to both prime and target word stimuli revealed native-

language speech perception to be reflected during early and late stages of neural 

processing.  Epochs time-locked to the target words (reported in Chapter 2) revealed 

speech perception to be reflected at late stages of neural processing.  The behavioral task 

required that the participants determine the number of syllables within the target words 

and the LPC and the P400 response reflected the behavioral response of the native-

language groups.  ERP epochs time-locked to the prime words, which showed clear 

sensory obligatory components (ITI 2 ms), revealed the native-language influence to be 

reflected at early stages of neural speech processing (reported in Chapter 3).  An overt 

response was not required of the prime word stimuli and attention was likely drawn to the 

auditory modality during the experiment by the nature of the behavioral task.  Factors of 

attention may have resulted in language group differences within the P1N1P2 complex to 

a phonological contrast (i.e., st contrast) present in both Polish and English.  To our 

knowledge, an investigation of sensory obligatory component responses to specific sound 

contrasts within two native-language groups has not been previously demonstrated.  The 

current results have implications for future studies with individuals having speech and 

language impairment.  Comparison of children having typical or atypical phonological 

and language development using the current experimental design will determine whether 

the linguistic impairment has underlying involvement of early or late stages of cortical 
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processing and whether the linguistic impairment has underlying involvement of 

networks processing acoustic or linguistic aspects of the speech stimuli. 

In chapter 2, we demonstrated that the acoustic features of phonemes that change with 

context are intrinsic to native-language speech perception.  We argued that the acoustic 

features of a phoneme sequence that form a word unit consist of a unique pattern, which 

can explain findings concerning word recognition in the both developmental and adult 

literature and is consistent with other neurophysiological studies of speech processing 

Steinschneider, Fishman & Arezzo, 2003; Steinschneider, Schroeder, Arezzo & 

Vaughan, 1995).  Saffran, Aslin and Newport (1996) argue that infants have an inborn 

ability to detect patterns from the linguistic environment.  The current research has 

demonstrated that the contextual (acoustic) features of phonemes are intrinsic to 

perceptual speech processing and, therefore, result in a unique pattern for each phoneme 

sequence.  We found perception of linguistic contrasts, which include these contextual 

(acoustic) features to be reflected within early stages of cortical speech processing in 

adult subjects.  Infants may encode the acoustic features of phonemes within the native-

language input within cortical auditory pathways, which would permit rapid detection of 

word-like units and awareness of phonotactic patterns of the native-language suggesting 

that detection of patterns (transitional probability learning) is not the processes by which 

word units are detected at these early stages of development.  In future research, infant 

developmental changes pertaining to neural correlates of early and late stage acoustic 

feature processing will be investigated.  A first step would be to determine whether the 

acoustic signals of the 2 and 3-syllable pt nonsense words distinguished within the adult 

P1N1P2 complex using the current experimental design are evident in infants’ sensory 
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obligatory ERP components.  The current results found that the pt contrast, which is a 

native-language contrast for only the Polish group, did not modulate the sensory-

obligatory P1N1P2 complex in adults.  On the other hand, we found that native-language 

sound sequences present in Polish and English (st stimuli) affected the fronto-central 

response (P1N1P2 complex) differently in the language groups.  Non-native contrasts 

perceived during early infancy are perceived more poorly by 12 months of age (Strange 

& Shafer, 2008; Kuhl, 2000).  Hence, we question whether exposure (or lack of) to 

phonotactic sound sequences within the native-language affect the P1N1P2 complex 

differently at various developmental stages.  Also, we argued that differing levels of 

attention to the st stimuli by the English and Polish listeners might have affected the 

P1N1P2 complex in response to the st 2 and 3-syllable words, leading us to question the 

role of attention in the infants’ development of speech and language. 

The contrast of the /s/ and /p/ within the word onset sequences resulted in 

significant effects within the ERP components including presence or absence of 

components (e.g., Tb component target word data), latency (TN component target word) 

and topographical differences (P400 CSD maps target word) and hemisphere effects to 

the contrast (target word TN, prime word date).  These results suggest that studies of 

word processing should consider the specific sounds and features within words because 

they affect neural speech processing.  Whether similar results will occur using real word 

stimuli rather than nonsense word stimuli awaits future research. Different results in 

response to the st and pt stimuli also have implications for individuals having speech and 

language impairment.  For example, future examination of children having typical or 
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atypical phonological and language development using the current experimental design 

can address issues regarding the manner of impairment, whether spectral or temporal. 

In conclusion, the dissertation revealed that contextual features of phonemes are 

intrinsic to perceptual speech processing and native-language experiences modulate early 

and late stages of speech processing.  At early stages, native-language experiences 

modulated the T-Complex response but not the P1N1P2 complex response suggesting 

different neural networks for perceptual speech processing and acoustic processing. 
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