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ABSTRACT 

The goal of this dissertation was a) to investigate how phonetic experience in two languages 

influences the perception of novel speech sounds and b) reveal the underlying neural 

mechanisms involved in novel speech learning. Adult English monolinguals (n = 20) and 

early Spanish-English bilinguals (n = 24) participated in four consecutive sessions of 

phonetic discrimination training (same vs. different) while listening to Hungarian non-words 

that contained the novel speech phonemes /ø/, /ø:/, /u:/, /u/, /o:/, /y/, /y:/, /o/. Participants 

completed two fMRI sessions, one before training and the other after training. The in-scanner 

task consisted of passively listening to the novel speech stimuli with which participants 

trained outside the scanner. The behavioral results indicated that monolinguals and bilinguals 

both learned after training, and discrimination of novel speech did not differ between groups. 

Nonetheless, the neural processes engaged by monolinguals and bilinguals differed after 

training (left anterior cingulate gyrus in monolinguals and bilateral parietal regions in 

bilinguals). A separate post-hoc regression analysis examined how participants’ overall 

discrimination performance predicted brain activity before and after training. Here it was 

found that better perceivers were more likely to recruit sensory-perceptual areas (bilateral 

superior temporal gyrus and cerebellar vermis), whereas worse perceivers were more likely 

to recruit higher-order cognitive areas after training (right postcentral gyrus, superior parietal 

lobule, and left supramarginal gyrus). These findings suggest that growing up in bilingual 

phonetic environments does not facilitate novel speech learning. Instead, the ability to 

discriminate novel speech appears to originate from individual enhanced perceptual abilities 

present prior to training. 
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Introduction 

 The present study examines how previous phonetic experience in two languages 

facilitates the perception of novel speech sounds, and uncovers the neural mechanisms 

underlying novel speech learning. To accomplish this, perceptual ability – operationalized as 

the ability to discriminate novel speech – and patterns of brain activity in monolingual and 

bilingual subjects were investigated before and after phonetic training. The main issue in this 

study pertains to the effect of bilingual phonetic experience on novel speech learning. 

According to the speech learning model (SLM) proposed by Flege (1995, 2003), novel 

speech can be learned in adulthood as long as attentional resources are allocated to phonetic 

information and there are large amounts of speech input. Therefore, the SLM posits that all 

adults who are attentive to speech patterns can learn speech. This model does not make 

reference to how extended phonetic experience with two speech codes could facilitate 

learning of a new speech system. Since it has been demonstrated that bilinguals outperform 

monolinguals in tasks of cognitive control and selective attention because bilinguals spend 

considerable amounts of time managing two languages (Bialystok, 1992, 2011; Bialystok, 

Craik, & Luk, 2008), it is possible that bilinguals’ enhanced attention and cognitive control 

processes will assist auditory perception to learn new speech sounds. A growing body of 

evidence, for example, suggests that attention processes enhance auditory perceptual abilities 

in the area of music perception (Kraus & Chandrasekaran, 2010; Musacchia, Sams, Skoe, & 

Kraus, 2007; Strait, Kraus, Parbery-Clark, & Ashley, 2010). To date, however, there are no 

known investigations that address how attention and cognitive control in bilinguals influence 

speech learning. 
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Based on these lines of investigation, the following research question is posed: are 

bilinguals primed to learn novel speech better because their perceptual abilities are assisted 

by enhanced attention and cognitive control processes developed over the course of learning 

two languages? Furthermore, if the perceptual abilities of bilinguals are enhanced due to the 

influence of attention and cognitive control, what are the neural mechanisms associated with 

additional speech learning in bilinguals compared to monolinguals? This study will attempt 

to reveal how explicit training of novel speech influences perceptual abilities behaviorally 

and neurally in monolinguals and bilinguals. The following review will present three lines of 

research related to the topics of phonetic learning in adulthood, non-native speech 

processing, and general effects of bilingualism on speech learning. 

Speech Learning in Adulthood 

 The first line of research presents two well-known models of speech learning and 

discusses the findings of phonetic training, as these have been found to induce behavioral and 

neural changes in monolinguals. 

Speech learning models. Two behavioral models have been proposed to explain how 

monolingual adults learn non-native speech: The perceptual assimilation model (PAM) and 

the speech learning model (SLM). These two models are used as a conceptual guide in this 

study for the understanding of novel speech learning in monolinguals and bilinguals. 

 According to the perceptual assimilation model (Best, 1994; Best, McRoberts, & 

Goodell, 2001), new learners tend to assimilate the sounds of the second language (L2) into 

phonemic categories of the first language (L1), especially when the non-native phoneme 

highly resembles a phoneme from the native language. Phonetic similarity can hinder the 

learner’s ability to discern the differences between a native and a nonnative sound, thus 
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resulting in the compilation of sounds to a single category. However, in cases where the L2 

phoneme is quite distinct from anything available in the L1 inventory learners more readily 

create a new category, especially after ample exposure to various phonemic exemplars (Best 

et al., 2001; Flege, 2003). The assimilation of sounds is deemed to be an advantageous 

strategy in the early stages of speech acquisition because it gives the learner the ability to 

communicate quickly. However, this temporary strategy can hurt long-term learning if the 

individual does not eventually recruit the appropriate attentional resources to accurately 

discriminate novel sounds (Archila-Suerte, Zevin, Bunta, & Hernandez, 2011; Guion, Flege, 

Akahane-Yamada, & Pruitt, 2000). Some evidence with young inexperienced 6-8 year old 

bilingual children suggests that non-native phonemes are assimilated by first language 

categories, as perception of these non-native sounds elicits bilateral activity in the superior 

temporal gyrus (Archila-Suerte, Zevin, Ramos, & Hernandez, n.d) – a region involved in 

sensory/perceptual processing of speech (Binder et al., 2000; Dehaene-Lambertz, Dehaene, 

& Hertz-Pannier, 2002; Dehaene-Lambertz & Gliga, 2004). Therefore, activation of 

perceptual areas in inexperienced child learners may be helpful in the beginning but not 

helpful for long-term speech learning, unless attentional resources are called upon.  

In the speech learning model (SLM), Flege (1995; 2003) argues that the capacity to 

discriminate and categorize speech remains intact throughout life. Therefore, even late 

bilinguals who acquire a second language after puberty can learn to readjust the weights 

assigned to speech properties as long as there is allocation of attentional resources to 

phonetic information and a significant amount of L2 input. The same study that found 

activity in the STG of young inexperienced bilingual children, also found that a group of 

older bilingual children (9-10 year olds) who were more perceptually experienced in both 
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languages (i.e., children with more clear pronunciations) displayed activity in areas related to 

attention and cognitive control/working memory including the left inferior parietal lobule 

(IPL) and bilateral middle frontal gyrus (MFG/prefrontal cortex) relative to younger children 

(Archila-Suerte, Zevin, Ramos, et al., n.d). Therefore, the engagement of attention areas in 

late childhood appears to facilitate speech learning in sequential bilingual children. As 

predicted by the SLM, speech learning is more likely to occur when attention is oriented to 

phonetic information.  

A notable difference between the two models is that while the perceptual assimilation 

model emphasizes listeners’ perceptual processes resulting from the characteristics of the 

sounds, the speech learning model emphasizes listeners’ ability to selectively control 

attention to learn speech. However, both models are relevant to the goals of the present study 

as attention processes are expected to enhance auditory perceptual abilities. If bilinguals have 

a perceptual advantage for discriminating novel speech due to heightened attention processes 

(Bialystok, 2011; Flege, 2003) and increased cognitive control/working memory developed 

over the years (Archila-Suerte et al., 2011; Archila-Suerte, Zevin, Ramos, et al., n.d), then 

bilinguals should be better prepared than monolinguals to learn novel sounds because they 

have had more experience engaging higher-order cognitive processes to handle two speech 

systems. However, it is also possible that monolinguals who carefully attend to phonetic 

information will see the benefits of increased attention on novel speech learning. In addition, 

even though the task employed in this study will not assess assimilation or categorization 

processes directly, the type of stimuli and length of training affords the hypothesis that 

neither monolinguals nor bilinguals are going to assimilate novel sounds because all stimuli 

will be novel and utterly different from any pre-existing phonemic category in English or 
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Spanish. Likewise, since each phoneme will only be presented a limited number of times 

during each training session, it is unlikely that monolinguals or bilinguals are going to 

receive sufficient exposure to each phoneme to create new categories.  

Based on the child bilingual data (Archila-Suerte, Zevin, Ramos, et al., n.d), bilingual 

adults are expected to have a perceptual advantage discriminating novel phonemes due to 

their early perceptual experiences with two phonetic systems and their enhanced higher-order 

cognitive processes. However, it is also possible that the neurofunctional activity observed in 

older bilingual children (i.e., increased use of attention and cognitive control) do not 

influence how novel speech is perceived in adulthood. In this case, bilingual and 

monolingual adults might learn a new speech system engaging the same neurocognitive 

resources; or alternatively, each group might engage a different set of brain regions to solve 

the problem of novel perception yet end up with similar discrimination scores after training. 

To determine that bilinguals have an auditory perceptual advantage aided by higher-order 

cognitive processes, bilinguals must demonstrate significantly higher discrimination scores 

than monolinguals behaviorally and the recruitment of areas associated with attention and 

cognitive control/working memory after training.  

Phonetic training in adulthood. Phonetic training research suggests that attention processes 

facilitate speech learning. A recent study, for example, found that subjects who directly 

attended to consonants in Hindi words had higher performance scores after training than 

those who did not (Pederson & Guion-Anderson, 2010). In general, it has been demonstrated 

that monolingual adults can improve their perception of L2 speech if given appropriate 

training (Iverson, Hazan, & Bannister, 2005; Lively, Pisoni, Yamada, Tohkura, & Yamada, 

1994; Pruitt, Jenkins, & Strange, 2005; Zhang et al., 2000). Although trained adults have not 
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been found to reach native-like performance (Iverson et al., 2005; McCandliss, Fiez, 

Protopapas, Conway, & McClelland, 2002; Takagi, 2002), the level of improvement can 

increase by almost 30 percent after only a few hours of training (Zhang et al., 2000; Zhang et 

al., 2009). The range of improvement depends on several factors: the length/type of training, 

the type of instructions, and the type of feedback (see the following sections on type of 

training/instructions and feedback for more detailed information).  

Studies of phonetic learning in adulthood have put the critical period hypothesis 

(CPH) to the test. The literature that claimed a sharp decline of brain plasticity after puberty 

has been replaced with a new mentality of perceptual change, as opposed to abrupt 

irreversible loss (Werker & Curtin, 2005). This perceptual change appears to continue 

developing past early adulthood as behavioral and neuroimaging studies have repeatedly 

shown speech learning abilities in adult naïve listeners. A set of neuroimaging studies 

demonstrated that Japanese monolingual adults learning English /l/ and /r/ have increased 

functional connectivity between frontal and temporal regions as a result of perceptual 

training (Callan, Jones, Callan, & Akahane-Yamada, 2004; Callan, Tajima, Callan, Akahane-

Yamada, & Masaki, 2001; Callan et al., 2003), thus indicating that perceptual learning results 

from the strengthening of connections between different brain areas. 

 Studies in other areas of auditory perception, such as pitch perception, have also 

shown improvements after training. Learning to use linguistic pitch patterns (e.g., 

distinguishing a high tone from a low tone in a non-word) involves the auditory cortex 

bilaterally, as expected (Gaab, Gaser, & Schlaug, 2006; Wong, Perrachione, & Parrish, 

2007). Interestingly, these studies have found that after training successful pitch learners 

show streamlined activation in the left STG whereas less successful learners show diffused 
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activity in the STG, inferior frontal gyrus (IFG), prefrontal cortex (PFC), medial frontal 

cortex, posterior parietal lobule, basal ganglia and parahippocampal gyrus of the right 

hemisphere (Wong et al., 2007). Similar results displaying focused activation of the STG in 

successful learners and distributed activation along frontal regions of the brain in 

unsuccessful learners have been found in studies of phonological training in children with 

reading difficulties (Shaywitz et al., 2004; Simos et al., 2002; Simos, Fletcher, Sarkari, 

Billingsley, et al., 2007; Simos, Fletcher, Sarkari, Billingsley-Marshall, et al., 2007; Temple 

et al., 2003) and adults with dyslexia (Eden et al., 2004). Children who respond well to 

training activate the expected areas in the left hemisphere and reach comparable levels of 

activation to controls. On the other hand, children who do not respond well to training 

activate alternate executive function areas in frontal regions (Rezaie et al., 2011; Simos, 

Fletcher, Sarkari, Billingsley, et al., 2007).  

Other areas of expertise such as piano playing and music reading further support the 

notion that neural efficiency is represented as focused activity in the primary brain region 

associated with the task (Bengtsson et al., 2005; Hasegawa et al., 2004; Stewart et al., 2003). 

In phonetic training, the left STG appears to be the locus of plasticity in the brains of 

listeners who have improved their ability to make phonetic distinctions (Callan et al., 2003; 

Golestani & Zatorre, 2004; Tricomi, Delgado, McCandliss, McClelland, & Fiez, 2006). 

Although these studies of pitch perception, phonological learning, music reading, piano 

playing, and even phonetic training do not mention the involvement of attention areas in 

successful learners, the findings of focused neural activity in the STG (or the primary area 

associated with the task), are expected as this sensory-perceptual region is fundamental for 

the reception of auditory input (Howard et al., 2000; Zatorre, Evans, Meyer, & Gjedde, 
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1992). Therefore, bilinguals should show brain activity in areas involved in attention and 

cognitive control because these processes are expected to assist bilinguals’ perception of 

novel speech; nonetheless, activity in the STG is also expected in monolinguals and 

bilinguals as this region is necessary for the central processing of speech.  

 The differences in activation patterns between successful and unsuccessful learners 

may signify that the groups are at different stages in the learning process. Several learning 

studies in other areas besides auditory perception have reported distributed activation and the 

engagement of attentional-control areas in the initial stages of learning, and intense focused 

activation in task-relevant areas in the latter stages of learning (Jenkins, Brooks, Nixon, 

Frackowiak, & Passingham, 1994; Petersen, van Mier, Fiez, & Raichle, 1998; Schlaug, 

Knorr, & Seitz, 1994). Therefore, as the task becomes learned, attentional-control areas are 

released and higher-order cognitive demands decrease. Kelly and Garavan (2005) explain 

that two types of activation patterns distinguish stable from unstable learning. The first 

pattern is true reorganization. In true reorganization, performance is cognitively and 

neurobiologically different before and after training. True organization occurs after learning 

has solidified. The second pattern is redistribution. In redistribution, practice leads to 

automatization that does not involve a cognitive shift. Instead, the same task-related areas 

and typical attentional-control areas are activated before and after training – with some 

regions increasing or decreasing activation. Therefore, in redistribution, learning is still weak 

and unstable.  

The literature on stages of learning shows that attentional-control processes can 

facilitate learning in general, especially in the first phases of task acquisition. Although it is 

still not established if attention can facilitate speech learning, or more broadly speaking, if 
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higher-order cognitive processes can enhance perceptual processes, recent evidence with 

bilingual children and adults suggests that attention is engaged in childhood when speech 

learning is underway and released in adulthood after bilinguals have had sufficient 

experience with L2 speech (Archila-Suerte, Zevin, Ramos, et al., n.d). In an fMRI study, a 

direct comparison between bilingual children (9-10 years) and early bilingual adults 

examining the perception of L2 speech showed no surviving areas of activity in bilingual 

adults at p < 0.001, thus indicating that after prolonged exposure to the second language, 

bilingual adults process English sounds without involvement of the higher-order cognitive 

brain areas seen in childhood. The reverse comparison, alternatively, showed bilateral 

activity of the inferior and superior parietal lobule (IPL/SPL) in bilingual children – two 

brain areas related to selective attention.  

In the current study, bilinguals are expected to re-engage their attention and cognitive 

control processes to learn novel speech as they have already utilized these resources to learn 

L2 speech in childhood. In addition, if bilinguals have a perceptual advantage over 

monolinguals learning novel speech, then bilinguals should show strong and concentrated 

left-hemisphere activation of the STG after training – and possibly even before training, as a 

sign of initial sensitivity to non-native sounds of a third language. On the other hand, 

monolinguals – as expected unsuccessful learners – should show weak and dispersed activity 

in the STG and a diffused network of frontal areas as a way of compensating for their 

perceptual difficulties. Moreover, monolinguals may show a pattern of redistribution in 

which the same control and attentional areas are engaged before and after training. Therefore, 

both monolinguals and bilinguals may show activity in fronto-parietal regions; however, 

bilinguals’ behavioral performance after training should support the premise that their 
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enhanced attentional and cognitive control skills substantially facilitate their discrimination 

of novel speech by obtaining significantly higher scores than monolinguals. In addition, 

bilinguals’ neural activation in the STG and other fronto-parietal regions should be more 

intense. To sum up, bilinguals and monolinguals are expected to differ in the intensity and 

extent of brain activation in the STG – with bilinguals showing more intense and focused 

activity after training. Furthermore, bilinguals are expected to show activity in fronto-parietal 

regions of auditory attention and cognitive control/working memory including the IPL/SPL 

bilaterally and MFG(PFC). Monolinguals, on the other hand, are expected to show less 

intense but more dispersed activity along parietal and frontal regions. True reorganization – 

where attention areas are released because steady learning has taken place – is not expected 

in either monolinguals or bilinguals due to the short length of training.  

Effects of length, instructions, and type of phonetic training. Even very limited 

phonetic experience can result in short-term reorganization of the auditory cortex. For 

example, allowing participants to practice for a few minutes with auditory matching tasks 

results in neural deactivations in the temporal and frontal lobes (Liebenthal, Binder, 

Piorkowski, & Remez, 2003). For the most part, the brain responds differently depending on 

the length of training. Studies in motor learning have shown that if training is short and 

testing is conducted immediately after, there is decreased activation. On the other hand, if 

training is extensive and there is a period of consolidation over the course of several days or 

months, there is increased activation (Desmond & Fiez, 1998; Grafton, Hari, & Salenius, 

2000; Van Mier, 2000). Brain activation after training also appears to be affected by the type 

of instructions given to participants. If participants are asked to discriminate between sounds 

(e.g., same vs. different), the brain responds with increased activation. On the other hand, if 
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participants are asked to categorize sounds (e.g., /ra/ or /la/?), the brain responds with 

decreased activation (Guenther, Nieto-Castanon, Ghosh, & Tourville, 2004). Taking these 

two pieces of information together, both monolinguals and bilinguals in the present study are 

expected to show increases in activation after training due to the nature of the task (i.e., 

discrimination) and the period of consolidation they will have after each training session.   

 The method used to train participants has also been shown to affect the results 

obtained. For example, while training participants with fixed synthetic speech can lead to 

specific improvements, generalization of learning to natural speech conditions appears to be 

very poor (McCandliss, Fiez, Conway, Protopapas, & McClelland, 1998; Strange & 

Dittmann, 1984; Zhang et al., 2000). Conversely, High Variability Phonetic Training (HVPT) 

– which contains natural speech, multiple speakers, and multiple phonetic environments, is 

known to result in long-term improvements for up to 6 months and generalization of trained 

stimuli to untrained stimuli (Aliaga-Garcia & Mora, 2009; Iverson et al., 2005; McCandliss 

et al., 2002; Pruitt et al., 2005; Zhang et al., 2000). Other effective types of phonetic training, 

like motherese – which incorporates the principles of speech acquisition in infancy (Zhang et 

al., 2000; Zhang et al., 2009), also uses acoustic variability to facilitate participants’ ability to 

learn non-native speech. Given the strong support for acoustic variability in phonetic 

training, this study adapts the methodology of HVPT to present Hungarian non-words spoken 

by 8 different speakers in three phonetic environments where speech is produced at different 

rates. 

Effects of feedback. Learning after phonetic training can occur in the absence of 

feedback (Goudbeek, Cutler, & Smits, 2008; McCandliss et al., 2002). It has been suggested 

that these effects depend on principles of Hebbian learning, whereby mere repeated exposure 
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of the stimuli strengthens the connections between neurons that fire simultaneously. In 

phonetic training tasks, Hebbian learning appears to occur especially when the stimuli 

contain exaggerated acoustic cues (Seitz et al., 2010). However, including feedback improves 

participants’ level of performance when compared to no feedback conditions (Goudbeek et 

al., 2008; McCandliss et al., 2002; Tricomi et al., 2006). When feedback is incorporated in 

adaptive training tasks – where less exaggerated tokens are presented as participants improve 

– the results are significantly better than when the training task is fixed and the tokens remain 

equally challenging throughout the task (McCandliss et al., 2002; McClelland, Fiez, & 

McCandliss, 2002). In this study, the training task contains blocks with different levels of 

difficulty. The first block contains trials that are clearly enunciated by the speakers and are 

thus easier to perceive, whereas the last block contains trials that are produced at a regular 

conversation rate and are thus more difficult. Naïve listeners should find it particularly 

challenging to detect the phonetic changes between each non-word pair (eg., gyotyod – 

gyötyöd). The increment in level of difficulty is intended to match the goals of adaptive 

training paradigms. The adaptive HVPT task with feedback implemented here is therefore 

expected to generate significant behavioral improvements in both language groups. 

 Phonetic training with feedback has consistently induced brain activity in regions of 

the cerebellum and basal ganglia (Callan et al., 2003; Doya, 1999; Graybiel, 2005). The 

cerebellum is known to be involved in supervised learning – as in tasks that contain explicit 

feedback with beeps and buzzes – and the caudate nucleus of the basal ganglia is known to 

be involved in reinforcement learning (Bar-Gad, Morris, & Bergman, 2003; Kawato & Gomi, 

1992). The cerebellum and the caudate nucleus appear to work in tandem as feedback can 

intrinsically reinforce participants to succeed at the task (Doya, 2000; Seitz et al., 2010). For 
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example, bilateral activation of the caudate has been observed in perceptual identification 

tasks with feedback (Tricomi et al., 2006) and the right caudate, more specifically, shows a 

differential response to positive and negative feedback (Nieuwenhuis, Slagter, Von Geusau, 

Heslenfeld, & Holroyd, 2005). That is, it appears that the caudate positively or negatively 

reinforces an individual’s performance based on the type of feedback received. Further 

evidence suggests that the caudate activates to a greater or lesser degree depending on how 

well feedback is processed (Delgado, Stenger, & Fiez, 2004). Consequently, subjects who are 

more sensitive to feedback are more prone to feel reinforced by it thereby learning more 

during training. This literature on feedback learning suggests that participants who attend 

more carefully to feedback are more likely to learn after training and more likely to show 

intense activity in the caudate nucleus. Since both monolinguals and bilinguals will receive 

feedback during training, both language groups are expected to show activity in the 

cerebellum and caudate nucleus. However, because attentional processes in bilinguals are 

presumably primed, it is expected that bilinguals will pay more attention to feedback, which 

should result in more intense activation of the caudate nucleus and improved performance 

discriminating novel speech than in monolinguals.  

Processing of Native and Non-native Speech  

 The second line of research shows that there are differences between how native and 

non-native speech is processed in adulthood. Numerous studies report that the mismatch 

negativity (MMN) response to native and non-native contrasts is different (Dehaene-

Lambertz, 1997; Dehaene-Lambertz, Dupoux, & Gout, 2000; Sharma & Dorman, 2000; 

Winkler et al., 1999) with the MMN wave being significantly smaller for non-native 

contrasts than for native contrasts (Menning, Imaizumi, Zwitserlood, & Pantev, 2002; 
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Näätänen, Paavilainen, Rinne, & Alho, 2007; Peltola et al., 2003). Despite the small 

amplitude of the wave, it has been found that the perceptual detection of a non-native sound 

occurs in the neural system before any behavioral improvements are noticeable (Rivera-

Gaxiola, Csibra, Johnson, & Karmiloff-Smith, 2000).  

Two studies investigating speech processing over the lifespan found that 

monolinguals’ perception of native speech elicits activity in the STG bilaterally throughout 

childhood and adulthood, whereas early bilinguals’ perception of non-native speech elicits 

activity in the STG and other parieto-frontal regions in childhood and adulthood (Archila-

Suerte, Zevin, & Hernandez, n.d). However, the intensity of brain activation in childhood is 

much greater than the intensity of activation in adulthood. As aforementioned, when the 

activity elicited by non-native speech in early bilingual adults is compared to the activity 

elicited by non-native speech in bilingual children (ages 9-10 years), no areas of activation 

survive in the early bilingual group, therefore verifying the notion that attention areas are 

released in adulthood. Conversely, when bilingual children are compared to early bilingual 

adults, bilingual children show activity in a number of executive areas including the SPL/IPL 

bilaterally, the left cingulate gyrus, and regions of the cerebellum. While monolinguals’ 

continued activation of the STG over time could make this area readily available and 

effective for the processing of novel speech, bilinguals’ earlier engagement of higher-order 

cognitive control areas like selective auditory attention and working memory in childhood 

may become reactivated when exposed to novel speech, thus facilitating learning by 

heightening perceptual processes (Archila-Suerte, Zevin, Ramos, et al., n.d). In this case, if 

bilinguals perform better behaviorally and higher-order brain areas (along with bilateral 

STG) are recruited in this process, then attention and working memory will be presumed to 
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facilitate learning of novel speech. A behavioral study with late bilinguals demonstrated that 

categorization of different phonemes in a second language can be achieved if the listener’s 

level of second language proficiency is high (Archila-Suerte et al., 2011). Since high-

proficiency level in a second language correlates with increased levels of attention to 

different domains of language (Bialystok, 1981, 1994; Tomlin & Villa, 1994), it is possible 

that bilinguals’ enriched attentional processes mediate the learning of novel speech.  

Additionally, since bilinguals are expected to demonstrate improved discrimination of 

novel speech sounds after training due to previous phonetic experience and enhanced 

attentional processes that influence perception, it is possible that overall perceptual abilities 

are present prior to training. Therefore, a pig-latin task designed to measure phonological 

awareness will be included to investigate how much phonological/perceptual sensitivity 

bilinguals have compared to monolinguals before exposure to novel speech. It is important to 

clarify that the training task, up to this point referred to as phonetic training, presented the 

novel speech stimuli (i.e., 8 Hungarian vowels) in the context of disyllabic non-words instead 

of monosyllables or single tokens. This technically changes the training task from phonetic 

training to phonological training because participants are abstracting larger units of combined 

phonemes, as opposed to perceiving isolated sounds. However, the speech stimuli were 

included in disyllables for two reasons. First, to prevent biasing monolingual listeners from 

performing better, given that monosyllables are more frequent in English. And second, to 

make the training task more ecologically valid as single tokens can be more unnatural to 

perceive and they are less commonly heard than monosyllables or disyllables. The difference 

between phonetic training (i.e., speech stimuli presented as single phonemes or syllables) and 

phonological training (speech stimuli presented as non-words) is not expected to alter the 
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results of the study. If bilinguals have developed perceptual abilities due to exposure to two 

phonetic environments, then this ability should be present before training and possibly 

demonstrated as skillful manipulation of phonological rules in the first and second language. 

Therefore, if phonetic experience and higher-order processes exercised along the way of 

learning two speech systems enhance bilinguals’ perceptual abilities, then these abilities 

should be present before and after training. Before training, an auditory perceptual ability 

may be exhibited as a high level of competence breaking down speech patterns and 

maneuvering phonological structures in each language; whereas after training, a perceptual 

ability may be exhibited by discriminating novel speech sounds without much difficulty.  

Effects of Bilingualism on Third Language Learning 

 Finally, the third line of evidence suggesting that bilinguals may learn novel speech 

better than monolinguals comes from the literature on third language acquisition (TLA). 

From a general approach, it has been reported that second language acquisition (SLA) 

contributes to TLA by way of heightened metalinguistic awareness (Cummins, 1978; 

Thomas, 1988), enhanced lexical knowledge (Kohnert, Bates, & Hernandez, 1999; Kohnert, 

Hernandez, & Bates, 1998), increased cognitive flexibility (Ben-Zeev, 1977; Grosjean & 

Miller, 1994), and improved control of attention (Bialystok, 2006; Bialystok et al., 2008). 

However, there have been many more behavioral studies investigating the overall effect of 

bilingualism on TLA (Cenoz, 2003; Cenoz & Valencia, 1994; Sanz, 2000) than there have 

been studies investigating how L1 and L2 speech specifically interact with L3 speech 

(Gallardo del Puerto, 2007; Wrembel, 2010). Some studies have suggested that phonetic 

experience with two or more languages enhances perceptual flexibility. For example, it has 

been found that Greek-English bilinguals discriminate and produce Thai /ba/ and /pa/ tokens 
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better than English monolinguals (Beach, Burnham, & Kitamura, 2001), that bilinguals have 

an advantage when repeating novel phonemic sequences in comparison to monolinguals 

(Cohen, Tucker, & Lambert, 1967), and that multilinguals identify and discriminate single 

and gemminate stops in Japanese (e.g., ‘iken’ vs. ‘ikken’) significantly more accurately than 

monolinguals (Enomoto, 1994). However, other studies indicate that phonetic expertise does 

not promote perceptual flexibility; that is, perception and production of novel speech is not 

enhanced by previous phonetic experience (Pallier, Bosch, & Sebastian-Galles, 1997; 

Werker, 1986). Therefore, the literature on the novel acquisition of speech sounds in 

bilinguals has yielded mixed results. Research in the area of L3 speech learning is scarce and, 

to date, there is no direct neurophysiological evidence available to corroborate or reject the 

inconclusive behavioral findings. The present study intends to fill this gap by investigating 

how bilinguals’ extensive phonetic experience along with enhanced attention processes and 

cognitive control contribute to the restructuring of their perceptual system behaviorally and 

neurally when learning novel speech. 

Summary of Hypotheses 

Behavioral component. 

1. Bilinguals are expected to show a perceptual advantage discriminating novel 

phonemes after training due to their extensive experience allocating attention and 

cognitive control resources to speech, consistent with the expectations of the speech 

learning model. 

2. The adaptive HVPT task with feedback is expected to generate significant behavioral 

improvements, regardless of language group.  
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3. Bilinguals are expected to demonstrate enhanced perceptual abilities before training 

through the superior manipulation of phonological structures in English and Spanish.  

Neuroimaging component 

4. 

 

 

 

 

 

 

5. Both monolinguals and bilinguals are expected to show increases in activation after  

    training due to the nature of the task (i.e., discrimination) and the period of   

    consolidation they will have after each training session.   

6. Although both monolinguals and bilinguals are expected to show activity in the  

    cerebellum and caudate nucleus in response to feedback training, bilinguals are  

    expected to be more sensitive to feedback. This should result in more intense activity   

    of the caudate nucleus in bilinguals.  

The results of this study will advance our knowledge about non-native speech perception and 

it will provide, for the first time, an opportunity to use the methodology of fMRI to observe 

the neural changes associated with perceptual learning in bilinguals.  

Method 

Participants 

 Forty-five English monolinguals and Spanish-English bilinguals participated in this 

study. There were 21 participants in the monolingual group (8 men, 13 women) between 19 

Monolinguals Bilinguals 

a) Weak and diffused activity of the 

left STG, IFG, PFC, parietal lobule, 

among other fronto-parietal regions. 

a) Intense and focused activity of the 

STG, IPL/SPL and MFG (PFC), 

bilaterally.  

b) Similar areas, intensity, and extent 

of activation before and after training. 

b) Similar areas but with increased 

and more extensive – yet focused – 

activation after training. 
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and 38 years of age and 24 participants in the bilingual group (7 men, 17 women) between 18 

and 31 years of age. On average, participants completed 16.6 years of education by the time 

of testing. All participants were right-handed according to the Edinburgh inventory (Oldfield, 

1971), reported no history of speech or language disorders, and consented to the protocol 

approved by the committee for the protection of human subjects.  

Behavioral Measures 

 Online language history questionnaire. This online survey collected demographic, 

medical, academic, socioeconomic, and linguistic background information. Variables like 

length of residency in the US, age of acquisition, and amount of second language input were 

additionally collected for bilingual participants (Ravichandran, Archila-Suerte, & Hernandez, 

2011). 

 Woodcock language proficiency battery – Revised (WLPB-R).  This series of tests 

evaluate various linguistic skills in English and Spanish (Woodcock, 1995; Woodcock & 

Muñoz-Sandoval, 1995). In order to assess overall expressive and receptive abilities in both 

languages, the tests of picture vocabulary and listening comprehension were selected. 

Participants provided the label of different objects, animals, and professions for the picture 

vocabulary test and filled in the blank to complete sentences for the listening comprehension 

test. Items in the picture vocabulary and listening comprehension tests gradually increased 

their level of difficulty, thereby resulting in higher scores for participants who answered 

more challenging items (See Table 1 for a summary of demographics and WLPB means and 

standard deviations).  

 Pig-latin. This task was designed to examine phonological awareness in adults prior 

to training (Pennington, Van Orden, Smith, Green, & Haith, 1990). Two linguistic versions 
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of pig-latin were created, one in English and one in Spanish. Bilinguals completed the two 

versions of the task and monolinguals completed the English version only. Within each 

linguistic version of pig-latin, there were 2 subtasks. The first subtask required participants to 

shift the first consonant to the end of the word and add the suffix –ay. For example, the pig-

latin form of the word table would be “able-t-ay” and the pig-latin form of the Spanish word 

mesa would be “esa-m-ay”. The second subtask required participants to split the word into 

syllables and insert the syllable chi- preceding each regular syllable. For example, the pig-

latin form of the word table would be “chi-ta-chi-ble” and the pig-latin form of the Spanish 

word mesa would be “chi-me-chi-sa”. These two types of pig-latin (-ay and chi-) were 

included to account for the customary use of the task across languages; shifting the first 

consonant is typically used in English and splitting the word into syllables is typically used in 

Spanish.  

 For this task, participants listened to the regular form of the word followed by the pig-

latin form of the word (e.g., table; able-t-ay) and judged whether the pig-latin form was 

correct or incorrect. In the English version of the task, there were 78 words across the 

subtasks of -ay and chi-, of which 42 had correct pig-latin translations and 36 were foils with 

incorrect pig-latin translations. The Spanish version of the task was a bit longer. There were 

92 words across the subtasks of -ay and chi-, of which 48 had correct pig-latin translations 

and 44 had incorrect pig-latin translations. All words selected in English and Spanish were 

bi-syllabic and trisyllabic and ranged in their level of difficulty depending on the number of 

consonants clustered together. The level of difficulty of the pig-latin task was adapted from a 

previous study conducted by Dickie, Ota, and Clark (2007). All participants had the 
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opportunity to practice with a few items before starting each subtask of pig-latin in English 

and Spanish.  

Speakers. Eight native Hungarian speakers (4 females) between the ages of 27 and 

33 recorded the non-words for this study. On average, speakers had resided in Budapest 18.7 

years and had completed 19 years of education at the time of recording. All speakers were 

familiarized with a second language but considered themselves to have a low or middle level 

of proficiency in that language. Speakers were asked to read the non-words “gyötyöd, 

győtyőd, gyútyúd, gyutyud, gyótyód, gyütyüd, gyűtyűd, and gyotyod” following three 

different sets of instructions. In the first set, they were asked to enunciate the non-words 

carefully, emphasizing each vowel’s characteristic (e.g., height, backness, and duration). In 

the second set of instructions, speakers were asked to read the non-words a bit faster but still 

enunciating carefully. Finally, in the third set of instructions, speakers were asked to read the 

non-words at the same rate used in regular conversation. To prompt a conversational tone, 

speakers read the non-words in carrier sentences during the third reading only.  

Stimuli. Eight different Hungarian vowel sounds were used to create non-words for 

the phonetic training and fMRI tasks. The target sounds were: /ø/, /ø:/, /u:/, /u/, /o:/, /y/, /y:/, 

/o/. These vowel sounds were selected because they are unique to Hungarian and do not exist 

in the English or Spanish inventory. See Figure 1 for a depiction of vowel distribution in 

English, Spanish, and Hungarian in the vowel chart of the International Phonetic Alphabet 

(IPA). The stimuli were recorded in a sound-treated room using an Audio Technica 

microphone AT 4040 and an external audio card M-audio fast pro at the Research Institute 

for Linguistics of the Hungarian Academy of Sciences in Budapest, Hungary. The sampling 

rate of the mono recording was 44KHz and 16-bits of sample resolution.  In order to prevent 
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biasing the monolingual group to perform better with non-words that are more likely to fit 

their language repertoire (i.e., monosyllables), we used disyllabic non-words that are equally 

likely to be part of English or Spanish. The Hungarian consonants that constituted the non-

words were /⎪/ and /c/. These sounds do not have an equivalent sound in English or Spanish. 

Therefore, each non-word was entirely novel to the participants. The consonants /⎪/ and /c/ 

(written as /gy/ and /ty/) remained in the same position across all non-words and only the 

vowels were manipulated. The Hungarian consonant /d/ was included in word-final position 

to resemble the typical ending of Spanish and English words.  Once the recording of stimuli 

was completed, the non-words were paired as same or different. Same pairs contained the 

same non-words read by different speakers. Different pairs contained different non-words 

read by different speakers. Eight types of pairs were used in this study. Four pairs for same 

(gyötyöd – gyötyöd; győtyőd – győtyőd; gyütyüd – gyütyüd; and gyűtyűd – gyűtyűd) and 4 

pairs for different (“gyötyöd – gyotyod; győtyőd – gyótyód; győtyőd - gyűtyűd; and gyűtyűd 

– gyütyüd). In the pairs that were different, the acoustic features of duration, height, and 

backness were manipulated. See Table 2 for a list of the features manipulated in each of the 

different pairs.  

High variability phonetic training (HVPT). PsyScope X Build 57 (2010) was used 

to develop the training task in which participants learned to discriminate novel vowel sounds 

(same vs. different) with the help of computerized feedback; a beep for a correct response 

and a buzz for an incorrect response. Throughout the training, the speakers’ rate of 

articulation was manipulated in three separate blocks. The first block contained trials that 

were carefully enunciated, the second block contained trials that were articulated a bit more 

quickly, and the third block contained trials that were articulated at the rate of standard 
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conversation. Each trial consisted of two non-words spoken by different speakers of the same 

gender. Trials that presented the same non-word (e.g, gyötyöd- gyötyöd) are referred to as 

same and trials that presented two different non-words (e.g., győtyőd, gyűtyűd) are referred 

to as different. Therefore, one pair of non-words (as described in the section of Stimuli) was 

equivalent to one trial. Within each block of training, there were 144 trials (96 trials of same 

and 96 trials of different), for a total of 432 trials. Two shorter versions of the training task 

without feedback were used as pretest and posttests. During training, pretest, and posttests, 

participants were asked to judge whether the pairs of non-words were the same or different 

by pressing the assigned button on the button box.  

Neuroimaging Measure 

 A pre-attentive listening paradigm was implemented for the pre-training and post-

training fMRI tasks. Here, participants heard Hungarian non-words through a pair of MRI-

compatible headphones while the non-captioned and muted movie Planet Earth displayed 

scenic views on the scanner’s screen. Participants were asked to attend to the movie while the 

non-words played in the background. No overt responses were collected. Pre-attentive 

listening was used to create the environmental conditions most listeners are exposed to in 

their day-to-day experience and to prompt the automatic neural response of the auditory 

system that better maps onto the perceptual processes observed behaviorally (Joanisse, 

Zevin, & McCandliss, 2007).  

A clustered volume acquisition design was employed to present pairs of non-words 

(i.e., one trial) during an interval of silence between brain scans. Each experimental trial 

lasted 4 seconds, including the 1.5 seconds of scanning time. The fMRI tasks also included 

baseline trials of silence. Five experimental trials plus three baseline trials in a row composed 
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a block of stimuli that were either same or different. See Figure 2 for an illustration of a trial 

and a block in the pre-attentive listening fMRI tasks. Each task lasted 34 minutes and 

contained 512 trials (64 blocks). The pre-training and post-training fMRI tasks only differed 

in the type of trials selected from the training session. 

Procedure 

 This study consisted of 7 visits to the lab. During the first visit, participants 

completed the language history questionnaire online on one of the lab computers to verify 

their eligibility for the study. Once this eligibility was confirmed, participants’ vocabulary 

knowledge, listening comprehension skills, and phonological awareness were tested using the 

WLPB-R and the Pig-Latin task. At the end of the first visit, the trained lab assistant 

scheduled the participant’s next 6 visits (which occurred on 6 separate days) in the following 

order: pre-traning fMRI session, phonetic training session 1, phonetic training session 2, 

phonetic training session 3, phonetic training session 4, and post-training fMRI session. After 

the pre-training fMRI session and before starting the first phonetic training session, 

participants completed a 5-minute pretest. In addition, after each training session, participants 

completed a 5-minute posttest, thus completing a total of 4 posttests. The study was 

concluded with the post-training fMRI session, which took place after the training period had 

ended. See Figure 3 for a diagram of the procedure followed by participants. For each trial 

included in the training sessions, pretest, and posttests participants heard pairs of non-words 

and discriminated whether the sounds were the same or different. The option “I don’t know” 

was also available to participants to improve true responding and prevent guessing. Each 

training session lasted approximately 25 minutes.  
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 The compensation procedure was designed to motivate participants to finish the entire 

study. Latter days of training were worth more than former days of training. The post-

training fMRI session, which culminated the study, was worth much more than any other 

session; thus encouraging participants to stay until the end.  

fMRI acquisition parameters. Whole-brain scans were performed with a 3.0 Tesla 

Magnetom Trio (Siemens, Germany) at the Human Neuroimaging Laboratory of Baylor 

College of Medicine in Houston, Texas. A total of 517 functional (T2*-weighted) images 

were acquired for each fMRI session (pre- and post-) using clustered volume acquisition 

(CVA) to quiet the scanner while the auditory stimuli were presented. An interleaved 

descending Echo Planar Imaging (EPI) sequence was employed with the following 

parameters: repetition time (TR) = 4s, TR delay (silent interval) = 2.4s, volume acquisition 

time (TA) = 1.6s, transversal slices per volume = 26, TE = 30ms; 5 mm thickness, 3.4 x 3.4 x 

5.0 mm resolution, flip angle = 90 degrees, with the centermost slice aligned with the anterior 

commisure and posterior cingulate (AC-PC). High-resolution anatomical images used a T1-

weighted Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence (TR= 1.2s, 

TE= 2.66 ms, 1mm³ isotropic voxel size) reconstructed into 192 slices. Auditory stimuli were 

presented using PsyScope. This software synchronized the task with the scanner with 

millisecond accuracy.  

fMRI Data Analysis. Whole-brain analyses were conducted with SPM8 (Wellcome 

Trust Center for Neuroimaging, London, 2001) using a block design specification for the 

statistical model. Functional images were slice-time corrected, motion-corrected, aligned to 

anatomical scans, and normalized to MNI stereotaxic space. Spatial smoothing used an 8 mm 

full-width half maximum Gaussian Kernel. At the first level of analysis, the stimulus onsets 
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of the 9 conditions included in same:  gyötyöd – gyötyöd; győtyőd – győtyőd; gyütyüd – 

gyütyüd; gyűtyűd – gyűtyűd; different: gyötyöd – gyotyod; győtyőd – gyótyód; győtyőd – 

gyűtyűd; gyűtyűd – gyütyüd and baseline were modeled with a canonical hemodynamic 

response function and contrasted across pre-training and post-training fMRI sessions for each 

participant. A condition labeled novel speech was created for each participant to investigate 

overall neural activity in response to novel sounds by combining the effects of all conditions. 

This enabled us to generate a pairwise contrast (novel speech > baseline) to compare these 

two main conditions at the second level within each group, across groups of monolinguals 

and bilinguals and across time in a 2X2 repeated measures ANOVA. For complex 

comparisons where activation was unclear due to the number of comparisons, a masking 

procedure was followed to find the areas that exclusively activated in each group after 

training.  The MNI x,y,z coordinates reported in this study were automatically provided by 

SPM and the anatomical labeling was obtained from Anatomy Toolbox (Eickhoff et al., 

2005). If there was ambiguity about the label of a particular region, we consulted Tailarach 

Client v.2.4.2 (Lancaster et al., 2000) to reach a consensus.  

Results 

Participants’ Characteristics 

One monolingual subject who was significantly older than the rest of the sample was 

dropped from analysis. Monolinguals (n = 20) and bilinguals (n = 24) did not differ in age F 

(1,42) = 3.02, p = 0.089, years of education F (1,42) = 1.402, p = 0.243, or scholastic ability 

according to their GPA scores F (1,42) = 1.68, p = 0.684.  In the bilingual group, participants 

learned Spanish as their first language and English as their second. The mean age of exposure 

to English was 3.61 years (SD = 1.39), thus conforming a group of early bilinguals. A self-
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report measure of language use showed that this sample of bilinguals spent more time in 

English-speaking environments (76.1%) than in Spanish-speaking environments (23.8%). In 

line with their self-reported amount of language use, bilinguals also viewed themselves as 

slightly more competent in English (M = 6.69, SD = 0.53) than in Spanish (M = 5.52, SD = 

1.03) in the areas of reading, listening, speaking, and writing. 

Behavioral results  

An a priori power analysis for repeated-measures ANOVA with 2 groups indicated 

that to obtain a power value of 0.95 with a medium effect size of 0.25 and an alpha level of 

0.05, it was necessary to collect a sample of 132 subjects. Since a sample of 132 subjects was 

not feasible for the present study, a compromise power analysis indicated that the sample of 

44 subjects, with the same effect size and alpha level, was sufficient to reach a power of 0.79. 

Therefore, the number of subjects included in this study appears to be adequate to detect true 

differences between groups and reduce the probability of type II error.  

 Woodcock Language Proficiency Battery – Revised (WLPB-R). Overall 

proficiency of English was obtained by combining the scores of picture vocabulary and 

listening comprehension, which were significantly correlated r = 0.366, p = 0.015 (R² = 

0.13). Monolinguals showed a significantly higher proficiency level of English than 

bilinguals F (1, 42) = 5.173, p = 0.028. Within the bilingual group, however, Spanish 

proficiency (also calculated by combining the scores of picture vocabulary and listening 

comprehension, r = 0.746, p < 0.001 (R² = 0.55)) was slightly lower (M = 71.4, SD = 8.6) 

than English proficiency (M = 76.1, SD= 9.09). This indicates that bilingual subjects were 

more proficient in English than in Spanish but not as proficient as their monolingual 
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counterparts in English. See Figure 4 for a depiction of English and Spanish proficiency in 

monolinguals and bilinguals.  

 Pig-latin. There were no significant differences in phonological awareness between 

monolinguals and bilinguals for either one of the pig-latin subtasks in English: -ay, F (1, 40) 

= 0.993, p = 0.325 or chi- F (1,39) = 0.059, p = 0.809, See Figure 5A. Within the bilingual 

group, participants also performed similarly in both Spanish pig-latin subtasks of -ay (M = 

23.4, SD = 1.9) and chi-  (M = 24.9, SD = 1.22), See Figure 5B. Therefore prior to training, it 

did not appear that the bilingual group had a particular perceptual advantage manipulating 

phonemes in English or Spanish. Consequently, experience with two languages does not 

seem to enhance phonological skills. The analyses showed that all pig-latin subtasks were 

moderately challenging, thus resulting in a clustering of scores around the average. This 

made the differentiation of participants who had good or poor phonological skills difficult. 

 However, a separate correlational analysis indicated that the subtasks of –ay in 

English and chi- in Spanish in the group of bilinguals were moderately correlated r = 0.576, 

p < 0.004 (R² = 0.33), suggesting that bilingual adults who have superior understanding of 

the phonological structure of one language and the pig-latin rule that is commonly used with 

it, tend to have superior understanding of the phonological structure of the other language. 

The fact that the subtasks within each language were negatively correlated (English –ay and 

chi- r = -0.238, p = 0.145 (R² = 0.05) and Spanish –ay and chi- r = -0.112, p = 0.612 (R² = 

0.01)) suggests that the subtasks of –ay and chi- likely measure different constructs in each 

language. This reinforces the possibility that some participants in the bilingual group are 

better able to manipulate the rules applicable to the phonological system of each language. 

However, these results should be treated with some caution as only a limited number of 
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subjects completed both English and Spanish versions of the pig-latin task. See Table 3 for a 

correlational matrix in pig-latin and Figure 6 for an illustration of these correlations.   

 Phonetic Training. On average, monolinguals’ performance from pretest to posttest 

4 increased by 6.31% and bilinguals’ performance increased by 5.95%. Although both 

groups significantly improved over time throughout the training F (1, 41) = 42.679, p < 

0.001, they did not differ significantly from each other at any point during the training F (1, 

41) = 1.891, p = 0.177 (cohen’s f = 0.209). These findings do not support the hypothesis that 

phonetic experience with two languages enhances perceptual abilities in bilinguals. On the 

contrary, monolinguals performed marginally better than bilinguals after training (See Figure 

7). This main finding from the repeated measures ANOVA was further corroborated by 

correlational analyses where pretest scores significantly correlated with posttest 4 in 

monolinguals (r = 0.743, p < 0.001; R² = 0.55) but not in bilinguals (r = 0.020, p = 0.926), 

thus suggesting that monolinguals initiated the training with slightly more perceptual 

sensitivity to novel sounds than bilinguals. On the other hand, pretest 3 was more strongly 

correlated to pretest 4 in bilinguals (r = 0.819, p < 0.001; R² = 0.67) than in monolinguals (r 

= 0.782, p < 0.001; R² = 0.61), indicating that bilinguals only began to improve their 

perception of sounds around the third session of training. See Table 4A and 4B for 

correlation matrices and Figure 8 for a scatterplot matrix between pretest and posttests in 

monolinguals and bilinguals. 

Neuroimaging Results 

Pre-training fMRI Results Within Groups. 

 Novel speech > Baseline in Monolinguals. Compared to baseline (silence) and using 

an intensity threshold of p < 0.001 and a spatial extent of 15 clusters, novel speech elicited 
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activity in a large area of the left temporal lobe that extended between the regions of the 

middle temporal gyrus (peak z = 5.42, k = 1929) and superior temporal gyrus. The second 

largest cluster of activation was seen in the right superior temporal gyrus (peak z = 4.36, k = 

1711).  

 Novel speech > Baseline in Bilinguals. The pattern of bilateral activation seen in 

monolinguals in response to novel speech was also seen in bilinguals, although bilinguals 

showed slightly smaller clusters and less intense activations than monolinguals. Bilinguals 

showed activity in the right superior temporal gyrus (peak z = 4.03, k = 1079) and the left 

middle and superior temporal gyri (peak z = 3.95, k = 603). Bilinguals additionally showed 

activity in the rolandic operculum bilaterally (peak z = 3.53, k = 152). 

Post-training fMRI Results Within Groups. 

Novel speech > Baseline in Monolinguals. After training, novel speech evoked 

activity in the left superior temporal gyrus, including the Heschl’s gyrus (peak z = 4.16, k = 

410), two peaks in the left cingulate gyrus (peak 1 z = 4, k = 79; peak 2 z = 3.98, k = 575), the 

left side of the caudate body (peak z = 3.69, k = 41), and the right superior temporal gyrus 

(peak z = 3.54, k = 94), also includling the Heschl’s gyrus, extending into the right middle 

temporal gyrus (peak z = 3.19, k =35). Activations in the right hemisphere were much 

smaller and less intense than the activations seen on the left hemisphere. See Table 5 for a 

detailed list of the results of the 2X2 ANOVA analysis. Besides the expected perceptual area 

of left STG, the other areas involved in post-training in monolinguals likely reflect the use of 

error monitoring (cingulate gyrus), receptiveness to feedback (caudate), and perhaps an 

attempt to map novel speech onto lexico-semantic representations (MTG). 
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Novel speech > Baseline in Bilinguals. After training, bilinguals also showed 

bilateral activity on the right and left superior temporal gyrus, but with substantially larger 

clusters than the ones seen in monolinguals (left STG: 2688 voxels in bilinguals vs. 410 

voxels in monolinguals; right STG: 2281 voxels in bilinguals vs. 94 voxels in monolinguals). 

Other smaller areas of activation were seen in the cerebellar vermis (peak z = 4.05, k = 72), 

right and left cingulate gyrus (right peak z = 4.41, k = 520; left peak z = 3.17, k = 117), right 

caudate nucleus (peak z = 3.6, k = 45) and left thalamus (peak z = 3.3, k = 25). See Figure 9. 

Despite the poor behavioral performance of bilinguals after training, they also showed 

bilateral activation of the STG in response to novel speech. This pattern of results is unclear 

but intriguing as it has been demonstrated that non-native contrasts are neurally processed 

before behavioral improvements are evident (Rivera-Gaxiola et al., 2000).  

Pre-training fMRI  > Post-training fMRI Within Groups. No areas of activation 

were observed for this contrast in monolinguals or bilinguals with an intensity threshold of p 

< 0.001 or p < 0.005.  

Post-training fMRI > Pre-training fMRI Within Groups. 

 In Monolinguals. Relative to pre-training fMRI activity, monolinguals showed 

stronger activity in the anterior cingulate gyrus bilaterally (right peak z = 3, k = 106; left peak 

z = 4.2, k = 319), the right middle cingulate cortex (peak z = 2.92, k = 208), and two peaks in 

the subcortical region of the left caudate body (peak 1 z = 3.37, k = 52; peak 2 z =3.29, k = 

36). These results are consistent with the hypothesis that the caudate is activated in training 

tasks with feedback. The lack of STG activation most likely occurs because novel speech 

elicited activity in this area during both pre and post fMRI sessions and subtraction-based 

fMRI analyses obscures the activity of the STG for this comparison.  
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 In Bilinguals. Bilinguals also showed greater activity in the cingulate gyrus 

bilaterally compared to their pre-training fMRI session in three separate peaks (peak 1 z = 

3.37, k = 80; peak 2 z = 3.16, k =31; peak 3 z = 2.82, k =16). In addition, however, bilinguals 

showed activity in the left IPL extending onto the MTG (peak z = 3.92, k = 626), the right 

precuneus (peak z = 3.26, k = 346), and the right caudate body (peak z = 3.11, k = 27). See 

Figure 10. As expected, bilinguals also show activity in the caudate body in response to 

feedback training. Similar to monolinguals, STG activity was most likely masked by the 

subtraction technique used for fMRI analyses because novel speech elicited activity in the 

STG in pre and post fMRI sessions. Interestingly, bilinguals recruit attention areas in the 

parietal lobe to process novel speech after training. Since bilinguals’ behavioral performance 

was substandard, it is possible that these areas become engaged prior to any behavioral 

improvements are observed. Alternatively, it could be that attentional areas are engaged to 

cope with the perceptual difficulties bilinguals have discriminating novel speech. 

Post-training fMRI > Pre-training fMRI Between Groups. 

 Monolinguals > Bilinguals. The only area of activation that survived in the 

monolingual group in comparison to the bilingual group after training (exclusive uncorrected 

mask p < 0.05, threshold p < 0.001, k = 15) was the left cingulate gyrus (peak z = 3.98, k = 

74). Like the caudate nucleus involved in feedback processing, it is possible that the 

cingulate gyurs helps monolinguals monitor the hits and misses provided by feedback. 

 Bilinguals > Monolinguals. Compared to monolinguals, two areas of activation 

survived in the bilingual group after training. These were the right precuneus (peak z = 3.37, 

k = 20) in the superior parietal lobule and the left inferior parietal lobule (peak z = 3.32, k = 

16). See Figure 11. As stated above, since bilinguals performed poorly in the discrimination 
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of novel speech after training, it could be that attention areas are engaged prior to noticeable 

behavioral improvements or it could be that parietal regions temporarily help overcome the 

difficulties of processing novel speech. 

Despite that monolinguals’ performance in the training task was slightly better than 

that of bilinguals, the groups did not differ significantly from each other. Therefore, thinking 

of monolinguals as “successful learners” and bilinguals as “unsuccessful learners” can be 

misleading. Instead, the behavioral analyses suggested a different pattern of learning. It was 

apparent that some participants tended to do better or worse than others throughout the 

training, regardless of the language group they belonged to – monolingual or bilingual. 

Therefore, the continuous dependent variable of mean performance level was temporarily 

treated categorically in the behavioral analysis to create a group of better perceivers and a 

group of worse perceivers to investigate the percent increase of perceptual learning after 

training in each group. Only for purposes of distinguishing better perceivers from worse 

perceivers, the groups were divided and split in half according to the median (104.25) – 

which was similar to the average (M = 103.71). Here, better perceivers  (n = 23; 11 

monolinguals and 12 bilinguals) demonstrated to have learned 10.10% after training, whereas 

worse perceivers (n = 21; 9 monolinguals and 12 bilinguals) demonstrated to have only 

learned 0.65%. After these behavioral analyses, a post-hoc single regressiona was conducted 

on the neuroimaging data to uncover the brain areas that were more likely to be recruited in 

better and worse perceivers given their overall performance throughout the training 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
a A 2-way ANOVA set up as Time (pre, post) x Performance (better, worse) was also 
conducted on the neuroimaging data and the results were virtually the same.   
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Pre-training fMRI Regression. 

 Better Perceivers. Participants who showed the steepest learning curve from pretest 

to posttest 4 displayed large and intense bilateral activation of the STG (left peak z = 5.6, k = 

3281; right peak z = 5.53, k = 3205) and a small cluster in the cerebellar vermis (peak z = 

3.51, k = 27). See Table 6 for a list of areas seen in better perceivers and worse perceivers in 

the regression analysis. 

 Worse Perceivers. Participants whose learning curve from pretest to posttest 4 was 

minimal displayed activity in the left MTG (peak z = 3.31, k =39) and postcentral gyrus 

(peak z = 3.29, k = 41), with the clusters being much smaller and less intense than the ones 

seen in better perceivers during the pre-training fMRI session. Although not reported on the 

list of results in Table 5, a more lax threshold of 0.005 additionally showed activity in the 

right inferior parietal lobule (peak z = 3.16, k = 201), right inferior temporal gyrus (peak z = 

3.05, k =84), right postcentral gyrus (peak z = 3.08, k = 150) and left supramarginal gyrus 

(peak z = 3.43, k = 50).  

Post-training fMRI Regression. 

 Better Perceivers. A large cluster of activation (peak z = 6.05, k = 11160) extended 

from the right superior temporal gyrus to the left superior temporal gyrus. Within this cluster 

several subcortical areas showed peaks of activation, including the thalamus, cingulate gyrus, 

head/body/tail of the caudate, rolandic operculum, and precentral gyrus. Outside this major 

cluster of activation, novel speech also evoked activity in the vermis of the cerebellum 

bilaterally in three separate peaks (right peak z = 3.89, k = 132; 2nd right peak z = 3.52, k = 

36; left peak z = 3.58, k = 40). These results are consistent with previous reports pointing to 
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the STG as a fundamental area for successful learning (Callan et al., 2003; Golestani & 

Zatorre, 2004). 

 Worse Perceivers. Three regions of the parietal lobe showed activity in worse 

perceivers after training. These were the right superior parietal lobule (peak z = 3.35, k = 24), 

the left supramarginal gyrus (peak z = 3.26, k = 98), and the right postcentral gyrus (peak z = 

3.14, k = 108). See Figure 12. This activity was only found with an intensity threshold of 

0.005. No areas of activation were found with a threshold of 0.001. These results are also in 

line with previous studies with unsuccessful learners indicating that participants who 

experience difficulties learning are more likely to recruit attention areas (Petersen et al., 

1998; Schlaug et al., 1994).  

Discussion 

 The present study investigated how experience with two speech systems affects novel 

speech learning in adulthood. The results indicate that bilingualism does not enhance 

auditory perceptual abilities in the domain of speech. Therefore, bilinguals’ increased 

attention and cognitive control that results from handling two languages does not seem to 

influence perceptual processes. Instead, it appears that learning new sounds in the context of 

non-words is rooted in a particular ability to perceptually discriminate speech cues clearly.  

 Behaviorally, the perception of novel speech sounds did not differ significantly across 

monolinguals and bilinguals. The first hypothesis was therefore not supported by the results. 

Bilinguals did not show the expected perceptual advantage discriminating novel phonemes 

due to their early phonetic experiences with two languages or their extensive experience 

allocating attention or cognitive control resources to speech. However, both monolinguals 

and bilinguals demonstrated learning novel speech after training. Since the training task 
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provided trial-by-trial feedback, it is possible that overall learning occurred due to increased 

sensitivity to this feedback – as demonstrated by activity in the caudate nucleus in both 

groups after training relative to before training. The purpose of providing feedback was to 

guide participants’ attention to the main dissimilarities between speech phonemes, and the 

results indicate that feedback training produced the same effect in both groups: both groups 

learned after training. However, the bilingual group did not show a perceptual benefit over 

monolinguals, at least behaviorally. These behavioral results support the speech-learning 

model (SLM) – which stipulates that focused attention on parts of speech facilitates learning 

in adults (Flege, 1995, 2003). But in the present study, this increased attention assisted 

monolinguals and bilinguals alike. Previously enhanced attentional or cognitive control 

processes do not seem to give bilinguals a perceptual edge for learning novel speech.  

 The second hypothesis, which expected adaptive high variability phonetic training 

(HVPT) to facilitate learning, was supported by the results given that both groups of 

participants significantly improved their perceptual discrimination of novel speech after 

training. Even though the approach of HVPT appeared to have significantly aided learning in 

all subjects, the percent increase in each group (6.31% in monolinguals and 5.95% in 

bilinguals) was minimal compared to what other studies have reported; with performance 

increases from 18% (Callan et al., 2003) to 22% (Zhang et al., 2009). One factor that may 

explain the differences in percent improvement across studies could be length of training. 

Previous studies have conducted 12 (Zhang et al., 2009) to 45 training sessions (Callan et al., 

2003), whereas the present study only included 4 sessions of training. Another factor could 

be the type of phonetic training employed. For example, while both HVPT and motherese 

recognize the importance of varying speech cues by introducing multiple speakers, motherese 
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includes additional cues like visible articulation. The inclusion of visible articulation cues 

may be the reason participants in other studies improve perceptual learning by up to 27% in 

only 12 hours of training (Zhang et al., 2000). Nonetheless, the significance test between pre-

training and post-training scores demonstrated that all participants in the present study 

improved considerably. 

 The third behavioral hypothesis in which bilinguals are expected to demonstrate 

enhanced perceptual abilities before training through the superior manipulation of 

phonological structures in English and Spanish is supported, but the overall pattern of results 

is conflicting. Even though monolinguals and bilinguals did not differ in their ability to 

discriminate novel speech, the learning curve observed in the 2-way repeated measures 

ANOVA along with the correlation analysis between pretest and posttests suggest that 

monolinguals may have slightly better initial perceptual sensitivity to novel speech than 

bilinguals. More specifically, monolinguals demonstrated a steeper slope of speech learning 

sooner in training than bilinguals (See Table 3 and Figure 7). However, prior to training, it 

became apparent that bilinguals who have a good understanding of the phonological structure 

of one language are also more likely to understand the phonological structure of the other 

language. That is, bilingual participants who were likely to perform well in the pig-latin 

subtask –ay in English were also more likely to perform well in the pig-latin subtask chi- in 

Spanish, perhaps because each of these pig-latin subtasks employed the phonological rule 

that is most appropriate for each language. It is easier, for example, to break down syllables 

in Spanish than in English because Spanish is a syllable-timed language with regular breaks 

between syllables that are about the same length, whereas English is a stress-timed language 

that has irregular breaks between syllables with some syllables being much longer or shorter 
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than others. This can make the pig-latin subtask of chi- in Spanish more manageable than the 

pig-latin subtask of –chi in English. By the same token, it is easier to shift a consonant to the 

end of a word and add the suffix –ay in an English word because this rule allows most of the 

whole word, with long or short syllables, to remain intact. Together, the pattern of results 

from the correlation between pig-latin English –ay and Spanish chi- and the results of novel 

speech training where monolinguals appear to discriminate novel speech sooner than 

bilinguals seem contradictory and inconclusive. The reason for this may be that pig-latin, as a 

phonological awareness task, better assessed higher levels of linguistic processing (i.e., 

phonology) and is not a reliable measure of basic perceptual processes. Moreover, even if 

bilinguals who perform well in English –ay are also likely to perform well in Spanish chi-, 

these results cannot extend to a comparison to monolinguals because monolinguals only 

speak one language. In general, the pretest of phonetic training appears to be a better measure 

of basic perceptual processes because participants must rely on their automatic/sensory 

awareness of sounds to discriminate the phonemes contained in non-words. Consequently, 

the results from phonetic training suggest that perceptual discrimination scores were slightly 

better in monolinguals than in bilinguals before and after training.  

 Neurally, monolinguals and bilinguals were found to recruit different mechanisms to 

process speech – the left anterior cingulate gyrus (ACC) in monolinguals and the precuneus 

and left inferior parietal lobule (IPL) in bilinguals. While the ACC is known to be involved 

in conflict detection and error monitoring (Bush, Luu, & Posner, 2000; Garavan, Ross, 

Kaufman, & Stein, 2003; Kiehl, Liddle, & Hopfinger, 2000), the precuneus and IPL are 

known to be involved in increased awareness (Cavanna & Trimble, 2006; Raichle et al., 

2001; Sahraie et al., 1997) and shifting of attention (Behrmann, Geng, & Shomstein, 2004), 
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respectively. These neural differences between monolinguals and bilinguals, however, do not 

necessarily reflect a more or less beneficial type of processing given that the behavioral data 

did not show either one of the two groups to be exceedingly competent at learning novel 

speech. Neither group is thus deemed to have a perceptual advantage processing novel 

speech. The groups do, however, engage different neural mechanisms to solve the problem of 

novel speech perception. Interestingly, bilingual subjects engage the expected attention areas 

in the parietal lobe despite their lack of behavioral improvement after training. These areas, 

the left IPL and right SPL/precuneus are observed after training relative to before training 

and also as exclusive areas that monolinguals do not engage for the processing of novel 

speech. One explanation could be that bilinguals engage these areas prior to actual progress 

on the behavioral task – as other studies have reported (Pallier et al., 1997; Rivera-Gaxiola et 

al., 2000). Yet, another explanation is that attention areas are engaged to help bilinguals cope 

with their perceptual difficulties, as demonstrated by their poor behavioral scores.  

 Given that monolinguals performed marginally better than bilinguals, it is possible 

that the engagement of the ACC enabled monolingual participants to closely monitor the 

feedback received from training thereby making them more sensitive to the relevant phonetic 

cues that linguistically differentiated the speech sounds. It is also possible that monolinguals 

experienced less attentional load than bilinguals – as it was demonstrated in an analogous 

study of visual perception where participants in a low cognitive demand condition engaged 

the cingulate gyrus and the sensory area associated with the task at hand, i.e., occipital cortex 

(Schwartz et al., 2005). Like the participants in a low cognitive demand group, monolinguals 

in the present study showed activity in several regions of the cingulate gyrus and the sensory 

auditory area, the STG in post-training and post-training relative to pre-training; this suggests 
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that perhaps monolinguals were more capable of controlling the feedback received because 

they found the task of learning novel speech less cognitively taxing. Therefore, even though 

there were no significant behavioral differences between groups learning novel speech, it is 

possible that monolinguals recruited more effective neural mechanisms to process perceptual 

auditory information. In contrast, bilinguals may have found the task of learning novel 

speech more challenging; this was demonstrated not only by performing more poorly after 

training but also by recruiting areas associated with control of attention in the parietal lobe, 

which may have been recruited to cope with learning difficulties. Therefore, the hypothesis 

that bilinguals recruit higher-order fronto-parietal regions to enhance perceptual processes is 

not likely supported by the results. Again, it could be that bilinguals needed more time to 

show the learning effects behaviorally. Therefore, knowing if enhanced attention and 

cognitive control in bilinguals improves speech perception remains an open question. For the 

most part, based on the studies of cognitive load (Schwartz et al., 2005), it appears that 

bilinguals recruited parietal areas to deal with the difficulty of perceiving unfamiliar sounds.  

Furthermore, in within-group comparisons, strong bilateral activation of the STG was 

observed in both monolinguals and bilinguals before and after training, making it difficult to 

determine how the STG differentiates participants’ perceptual abilities for novel speech 

learning. The pattern of STG activation is complex as monolinguals showed intense and 

focused activation before training but bilinguals showed even more intense and extensive, yet 

focused, activation after training. At a glance, it seems that extent and intensity of STG 

activation is related to behavioral performance throughout the training. More intense STG 

activation in monolinguals before training seems to correspond to their higher scores 

discriminating novel speech in the early stages of training, whereas more intense STG 
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activation in bilinguals after training seems to correspond to their improved ability to 

discriminate novel speech in the latter stages of training. However, this reasoning does not 

seem to hold completely because monolinguals were, on the whole, shown to discriminate 

novel speech somewhat better than bilinguals after training. If STG activation were 

undoubtedly related to behavioral performance, then monolinguals would have evoked 

activity in the STG more extensively after training. The most sensible conclusion to be 

reached from STG activation patterns is that since the STG is deemed important for learning 

novel speech and activity of this area was seen in both groups, then both groups have the 

capacity to learn novel speech and neither one of the two groups appears to have a 

particularly developed perceptual sensitivity. In other words, the neuroimaging results of 

STG activity patterns seem to corroborate the behavioral findings that there are no significant 

differences between monolinguals and bilinguals in discriminating novel speech before or 

after training.  

Finally, as seen in the behavioral analyses, both groups demonstrated improved 

performance throughout the training. Neurally, this overall improved performance is seen as 

increases in activation after training (post-training > pre-training), as predicted by hypothesis 

5. These increases may not only relate to learning but also to the type of task with which 

participants trained. Since all participants trained with a discrimination task, it was expected 

that this type of task would result in increased activation (Guenther et al., 2004) and not 

decreased activation. And indeed, the contrast of pre-training > post-training did not show 

any surviving areas of activation with a p-value of 0.005 in monolinguals or bilinguals. 

Besides increased activation, learning in the neural system may be attributed to activity in the 

caudate nucleus, which was observed in both groups of monolinguals and bilinguals after 
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training. Activity in the caudate nucleus has been frequently found in learning studies with 

perceptual tasks and is typically associated with reinforcement learning (Bar-Gad et al., 

2003; Kawato & Gomi, 1992). In the present study, reinforcement was most likely associated 

with positive or negative feedback that helped participants to either maintain the correct 

answer or make the necessary adjustments (McCandliss et al., 2002; Tricomi et al., 2006). 

Since the caudate nucleus is known to activate to a different degree depending on how well 

feedback is processed (Delgado et al., 2004), subjects who are more sensitive to feedback are 

more likely to feel reinforced by it and therefore learn more over the course of training. 

Consequently, it makes sense that monolinguals, who learned somewhat more after training, 

showed stronger and broader activity of the caudate nucleus. In summary, the hypothesis that 

activity in the caudate nucleus is elicited in response to feedback is supported. An interesting 

additional finding here was that the group who ultimately learned more after training showed 

more widespread and intense activation of the caudate nucleus. 

 In the present data, a more sensitive approach corresponded to re-arranging the 

groups as better perceivers and worse perceivers given the degree of perceptual improvement 

throughout the training. The post-hoc regression analyses revealed that better perceivers 

strongly and extensively engage the superior temporal gyrus bilaterally and the cerebellar 

vermis before and after training, whereas worse perceivers engage small/low-intensity 

clusters in the left postcentral gyrus and posterior middle temporal gyrus before training and 

the right superior parietal lobule (SPL), left supramarginal gyrus (SMG), and right 

postcentral gyrus after training. The overall pattern that emerges from the data is that better 

perceivers rely on intense and focalized activation of the STG to learn novel speech sounds – 

an area well-known to be involved in the early processing of speech (Binder et al., 2000; 
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Zatorre et al., 1992) and associated with successful learning after phonetic training (Golestani 

& Zatorre, 2004; Wong et al., 2007). Moreover, better perceivers show activity in the 

cerebellar vermis, a region reportedly involved in sensory processing (Y. Liu et al., 2000) of 

auditory stimuli in pre-attentive habituation tasks (Zevin & McCandliss, 2005) and the 

rhythmic presentation of tones (Hart, Palmer, & Hall, 2004), clicks (Ackermann et al., 2001) 

and word pairs (Thierry, Ibarrola, Démonet, & Cardebat, 2003). On the other hand, worse 

perceivers appear to rely on sparse and distributed activation in regions of the parietal lobe to 

learn novel speech sounds (i.e., SPL, SMG, and postcentral gyrus). Previous studies have 

shown that the right SPL is an area of higher-order cognitive function recruited in tasks of 

high attentional load (Schwartz et al., 2005), as it is required for the manipulation of contents 

in working memory (Casey et al., 1998; Champod & Petrides, 2007) across both visual and 

auditory modalities (Protzner & McIntosh, 2007); and like the IPL, the SPL also appears to 

be involved in selective auditory attention (Pugh et al., 1996). The left SMG has repeatedly 

shown activity in studies of phonological processing (Celsis et al., 1999; Hickok & Poeppel, 

2000), including studies of phonetic change detection (Celsis et al., 1999; Dehaene-Lambertz 

et al., 2005; Zevin & McCandliss, 2005), phonological decoding (Meyler, Keller, 

Cherkassky, Gabrieli, & Just, 2008), and processing of native speech (Jacquemot, Pallier, 

LeBihan, Dehaene, & Dupoux, 2003). All these different processes appear to indicate that the 

SMG is involved in short term memory storage of phonological information (Caramazza, 

Basili, Koller, & Berndt, 1981; Paulesu, Frith, & Frackowiak, 1993). That is, temporarily 

retaining phonological information in the SMG enables this region to detect differences 

between phonemes, syllables, and words. Finally, it has been demonstrated that the right 

postcentral gyrus shows activity in studies of inner speech generation (Shergill et al., 2003) 
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and task rule-switching (Crone, Donohue, Honomichl, Wendelken, & Bunge, 2006; Crone, 

Wendelken, Donohue, & Bunge, 2006).  

 Taking these findings together, it appears that better perceivers employ sensory-based 

brain regions (i.e., STG and cerebellar vermis) to process novel speech. It is possible that the 

STG serves to extend previously established perceptual abilities and the cerbellar vermis 

serves to enhance the perception of rhythm and intonation of the whole non-word. Therefore, 

better perceivers may have used prosodic cues from the entire non-word to guide their 

discrimination strategies. The results observed in better perceivers are consistent with studies 

that report activity of the STG in those who successfully learn after training across different 

domains (music, pitch, phonemes, and words). On the other hand, it appears that worse 

perceivers employ higher-order cognitive areas (i.e., postcentral gyrus, SMG, and SPL) to 

process novel speech. A reasonable explanation for their poor performance may be that 

worse perceivers have limited capacity of phonological memory storage in the SMG and less 

ability to switch between different phonological rules in the postcentral gyrus thereby 

overwhelming their working memory and preventing the ability to manipulate phonetic 

information in the SPL. Another possible explanation, however, is that worse perceivers are 

at an earlier stage of learning and are still trying to sort out the phonemic changes between 

speech sounds. Therefore, novel speech may elicit activity in the SMG to help detect 

phonetic changes between sounds. In the future, it would be interesting to see if further 

training could help release the engagement of attention areas in worse perceivers. Observable 

behavioral and neural improvements in worse perceivers could guide future research in 

designing appropriate interventions to help monolingual and bilingual adults with auditory 

perceptual difficulties.  
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 The neuroimaging findings of novel speech processing in groups of better and worse 

perceivers corroborate a behavioral study of auditory perception conducted with early and 

late bilinguals. In Archila et al. (2011), early and late Spanish-English bilinguals (AOA < 5 

years and AOA > 10 years, respectively) discriminated among four different types of English 

syllables (saf, sef, sof, and suf) and found that early bilinguals were better at discriminating 

each different type of syllable from one another and better at ignoring the minute nuances in 

sound between syllables that belonged to the same category.Late bilinguals, on the other 

hand, were worse at ignoring the subtle differences in syllables of the same category and 

therefore attended to irrelevant acoustic changes. However, late bilinguals showed an 

improved categorization of different syllable types if they were highly proficient in the 

second language.  

 As discussed in Archila-Suerte et al., (2011), early bilinguals are most likely able to 

discriminate non-native speech correctly because of perceptual strategies learned in early 

childhood. Perceptual tasks, like the discrimination of speech sounds, are known to engage 

primary areas in the brain that receive sensory input (in this case, the STG as sensory area of 

auditory input involved in auditory perceptual processes), which is exactly what is observed 

in better perceivers.  On the contrary, in late bilinguals – like in worse perceivers – an 

engagement of higher-order cognitive areas appear to enhance some aspects of auditory 

perception. For example, the recruitment of the supramarginal gyrus in worse perceivers 

maps onto the finding that only highly proficient late bilinguals can properly distinguish 

between categories. That is, activity in the SMG may be facilitating the detection of phonetic 

change from one category to another in late bilinguals and worse perceivers. Furthermore, 

worse perceivers did not show activity in subcortical areas, which reportedly become 
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engaged in the perception of acoustic cues between phonemes of the same category (Joanisse 

et al., 2007). Therefore, it may be that the exclusive activation of the SMG in worse 

perceives helps the recognition of phonetic change between phonemes of different categories 

but deters their ability to disregard minute changes in the acoustics of phonemes that belong 

to the same category. In brief, early bilinguals appear to be analogous to the group of better 

perceivers who engage sensory-based mechanisms and late bilinguals appear to be analogous 

to the group of worse perceivers who engage higher-order cognition to process non-native 

speech.  

 It is reasonable to expect early bilinguals to have similar processing of non-native 

speech to the group of better perceivers because early bilinguals are exposed to the second 

language during a time period when brain maturation of higher-order cognitive areas has not 

been completed. Therefore, it is likely that sensory-based learning in early bilinguals occurs 

because the STG is the brain area that is fully equipped to process auditory input in early 

childhood (Archila-Suerte, Zevin, Ramos, et al., n.d). In Archila-Suerte (n.d) for example, 

young bilingual children between 6 and 8 years of age showed activity in the STG bilaterally, 

similar to age-matched monolingual children and unlike older bilingual children (9 -10 years) 

who engaged cognitive control areas; suggesting that young bilingual children recruit 

sensory-perceptual regions because these are the neural resources available in early 

childhood. What is most interesting, however, is that for some individuals the ability to 

perceive non-native speech through the recruitment of sensory-perceptual areas remains in 

adulthood, whereas for some other individuals processing non-native speech depends on 

higher-order cognitive processing. As studied in the literature and supported by the results of 

the present study, sensory-based mechanisms seem to be more beneficial for speech learning 
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than cognitively-based mechanisms, though higher-order cognitive processes like attention 

may facilitate learning only to a certain degree in late bilinguals (Archila-Suerte et al., 2011) 

and second language monolingual adults (Lively et al., 1994; Pederson & Guion-Anderson, 

2010). 

 For the most part, the data suggests that better learning of novel speech occurs if 

sensory processes are engaged (STG and cerebellar vermis) and this is corroborated by 

numerous studies in different areas of skill learning (Bengtsson et al., 2005; Hasegawa et al., 

2004; Shaywitz et al., 2004; Simos et al., 2002; Stewart et al., 2003; Wong et al., 2007). For 

example, some phonetic training studies use motherese as a technique to teach adults novel 

speech resembling the manner in which children naturally learn speech in their native 

language (Burnham, Kitamura, & Vollmer-Conna, 2002; H. Liu, Kuhl, & Tsao, 2003), that 

is, with a sensorimotor approach. Other studies have also demonstrated that auditory learning 

can occur in lower states of consciousness, as when auditory processes replay during sleep 

(Dave & Margoliash, 2000; Gaab, Paetzold, Becker, Walker, & Schlaug, 2004) or when 

phonetic training is conducted without feedback and implicit learning mechanisms are 

primed (Lim & Holt, 2011; Tricomi et al., 2006). These additional studies support the notion 

that learning skills that are fundamentally perceptual, like speech, may be better learned 

through sensory processing than through higher-order cognitive processing.  The other 

perspective is presented by speech learning theories like the SLM which postulates that 

increased attention to phonetic information can enhance adults’ perception of non-native 

speech (Flege & Liu, 2001; Flege et al., 2003). Although this area of explicit auditory 

learning is also supported by many studies reporting a significant improvement in Japanese 
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speakers learning English /l/ and /r/, the data presented here suggests that perceptual 

processes are superior to cognitive processes for novel speech learning in adulthood. 

 A few lingering questions remain, one of them is: why did bilinguals not see a benefit 

in their auditory perception after years of phonetic experience in two languages? Especially 

when this additional experience began before 5 years of age - a period in development known 

to involve mainly sensorimotor processing. As found by Archila (n.d), young bilingual 

children engaged the expected perceptual brain regions in response to non-native speech. 

Why would this additional phonetic experience in early childhood not provide a perceptual 

advantage to for learning novel speech – especially if attentional and cognitive control 

processes exercised through adulthood may partly enhance perceptual processes? The answer 

may lie in socioeconomic status (SES).  It has been demonstrated that patterns of brain 

function in adulthood are inversely related to poverty (Evans & Schamberg, 2009) and the 

group of bilingual adults recruited for this study appears to constitute a group of low SES 

participants. First, the general measure of language proficiency obtained with the WLPB-R 

indicated that monolinguals were significantly more proficient in English than bilinguals. 

Yet, bilinguals had higher proficiency in English than in Spanish, despite the fact that 

Spanish was their native language. Therefore, the sample of bilinguals collected for the 

present study falls under the category of subtractive bilinguals (Landry & Allard, 1992), 

individuals who do not retain the first language well and tend to come from low-income 

families (Pearson, 2007). This potential explanation is supported by the results of a one-way 

ANOVA comparing the SES of monolinguals and bilinguals based on their families’ attained 

level of education. The results showed that monolinguals came from families who were 

significantly more educated than the families of bilinguals F (1, 42) = 17.860, p < 0.001. 
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Although SES cannot fully account for lack of learning in bilinguals – otherwise 

monolinguals would have performed significantly better after training; it is possible that 

monolinguals learned a bit more than bilinguals because monolinguals had consistent input 

of the native language that allowed extensive practice of auditory perceptual skills in early 

childhood, provided that high-SES parents are more likely to expose their children to 

phonological and verbal activities (Bradley & Corwyn, 2002). On the other hand, bilinguals 

may not have received sufficient input from either language in early childhood – as the level 

of verbal responsiveness from parents, degree of literacy, and overall phonetic environment 

tends to be inadequate in low-income families (Bradley & Corwyn, 2002; Hoff, 2003) and 

this could have affected the development of basic perceptual skills. Therefore, the sample of 

bilinguals collected for the present study may actually use a perceptuo-cognitive approach to 

speech learning to assist with their perceptual deficiencies, as seen in the analyses of post-

training > pre-training. A high-level cognitive approach may be interfering with perceptual 

processing of novel speech sounds in early bilinguals. A cognitive approach to speech 

learning may be more beneficial to those who acquire a second language late and have 

already developed auditory perceptual skills in their native language, as suggested by the 

results of Archila-Suerte, et al (2011). 

Differences across SES could alternatively explain why bilingual children in Archila-

Suerte et al., (n.d), who also came from low-SES backgrounds, recruited brain regions 

associated with perceptual processes (i.e., STG) in early childhood but recruited areas of 

higher-order cognitive processing (i.e., IPL and MFG) in late childhood. As it is usually the 

case in Texas bilingual schools, bilingual children are minimally exposed to the second 

language in elementary school and only become second language learners sometime in 
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middle school between 9 and 10 years of age (Rossell & Baker, 1996) when higher-order 

cognitive processes have already matured enough to undertake the task of pre-attentive 

listening initially meant for perceptual processing. Therefore, young bilingual children may 

recruit the STG because this is the main area ready for processing non-native speech, as 

aforementioned; or young bilingual children may recruit the STG because non-native speech 

sounds seem too unfamiliar in the beginning and are consequently processed as novel speech 

– akin to the activation patterns seen in monolingual and bilingual adults before training. 

Moreover, it could be that higher-cognitive areas in older bilingual children are recruited 

because these children are still undergoing early stages of learning. As seen here, it is 

important to understand how SES affects processing of non-native or novel speech in 

bilingual children and adults. Differences in SES are a limitation to the interpretation of the 

results and this will be investigated more thoroughly in the near future.  

 The other lingering question is: why did worse perceivers not show signs of learning 

novel speech after training? Or vice versa, why did better perceivers in fact learn? What 

makes these groups different form each other? The possibility of there being a 

socioeconomic difference between better perceivers and worse perceivers fails here as both 

groups were found to come from families with similar levels of education F (1, 42) = 2.62, p 

= 0.113. However, better discrimination of novel speech sounds may be explained by 

enhanced phonological awareness of the native language in monolinguals and enhanced 

phonological awareness of the dominant language in bilinguals – even though the pig-latin 

task investigated phonological awareness and the phonetic training task investigated 

perceptual processes. Although the correlation between the English pig-latin scores and mean 

performance throughout training is not clear due to a clustering of scores in the pig-latin 
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tasks, it appears that individuals (both monolinguals and bilinguals) who scored higher on the 

English pig-latin task –ay were more likely to perform better in the training task with novel 

sounds r = 0.324, p < 0.05 (R² = 0.10). This suggests that better perceivers of novel speech 

had better phonological abilities prior to training. In other words, manipulating phonemes in 

the English pig-latin subtask –ay was relatively easy for those who better learned to 

discriminate novel speech.  

The ability to manipulate sounds and learn novel speech could be rooted in 

neurological structural or functional differences across groups of better and worse perceivers.  

As for structural differences, it has been found that better phonetic learners – defined as those 

who process critical acoustic parameters very quickly neurally – have a left > right 

hemisphere asymmetry in white matter density in the parietal lobes (Golestani, Paus, & 

Zatorre, 2002) and the left Heschl’s gyrus (Golestani, Molko, Dehaene, LeBihan, & Pallier, 

2007). On the other hand, poor perceivers of native and non-native phonemes have larger 

white matter volume in the right insula (Diaz, Baus, Escera, Costa, & Sebastian-Galles, 2008; 

Sebastián-Gallés et al., 2012). These structural differences between better and worse 

perceivers impact how speech is processed. As stated in the review of the literature, more 

widely distributed activity is typically seen during the initial stages of learning but as the 

system becomes more efficient, the network increases activity in areas related to the task and 

decreases activity in areas related to attention thereby reducing cognitive demands (Jenkins et 

al., 1994; Petersen et al., 1998; Schlaug et al., 1994). Consequently, the pattern of neural 

redistribution seen in worse perceivers, which involved attentional (SPL) and phonetic 

detection/ phonological working memory (SMG) areas, may reflect overall slower processing 

abilities for speech perception because the right hemisphere, instead of the left, is more 



 52 

myelinated thereby causing attention areas to gain control over the tasks the perceptual 

system is not undertaking efficiently.  

Conclusion 

While learning to discriminate novel speech was feasible for all participants, as 

expected by the SLM, there was no perceptual advantage in the bilingual group due to 

extensive phonetic experience or enhanced attentional/cognitive control processes. It appears 

that bilinguals who understand the phonological structure of one language are more likely to 

understand the phonological structure of the other language, but this ability to manipulate 

phonemes in English and Spanish did not help them in the discrimination of novel speech. 

Despite that the behavioral performance after training was very similar for monolinguals and 

bilinguals, these groups did show different neural mechanisms to process novel speech; 

monolinguals recruited the anterior cingulate gyrus and bilinguals recruited the left inferior 

parietal lobule and the right precuneus after training. The underlying neural processing 

differences between monolinguals and bilinguals may explain the marginally better 

behavioral performance seen in monolinguals. That is, monolinguals may have been able to 

better monitor feedback processes. However, differences in SES across monolinguals and 

bilinguals blur the interpretation of the findings.   

  A post-hoc rearrangement of participants as better perceivers and worse perceivers 

notably demonstrated that better perceivers were more likely to show activity in the STG 

bilaterally and the cerebellar vermis, whereas worse perceivers were more likely to show 

activity in the right superior parietal lobule, left supramarginal gyrus, and right postcentral 

gyrus after training. These results suggest that better perceivers process novel phonetic 

information through the recruitment of sensory-based mechanisms whereas worse perceivers 
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do so through the recruitment of higher-order cognitive mechanisms. This pattern of findings 

is consistent with numerous studies on phonetic training, music training, and more – which 

propose that the STG is the principal area involved in auditory processing efficiency and 

perceptual learning and higher-order cognitive areas are recruited to cope with learning 

difficulties. Perception of novel speech may depend on an ability to mentally manipulate 

phonemes and process the information quickly, which could originate from anatomical and 

functional differences in the patterns of activity in the brain.   
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Appendix 

 
LANGUAGE HISTORY QUESTIONNAIRE 

 
Please answer the following questions as best as you can: 
 
1. Name                                    Gender: M / F 
2. Current Phone Number (cell)       
3. E-mail Address:                            
4. Age     Date of Birth      
5. Handedness:   Left  Right   Left-handed Family Member: Y / N 
 
Background 
 
6. Please describe your background and your parents’ background 

Race and Ethnicity 
 Caucasian 

– White  
(1) 

Asian-
American, 
Asian or 

Pacific Islander 
(2) 

Latino or 
Hispanic 

(3) 

African 
American – 
Black (4) 

Native 
American or 

Alaskan 
Native (5) 

Other or 
Unknown 
- Please 

specify  (6) 

Participant 
 

      

Mother 
 

      

Father 
 

      

 
Health 
 
7.  Please place a check in the appropriate column 
 Normal Range Difficulties 
Hearing **   
Eyesight (use of glasses or contacts?) **   
Cognitive Abilities   
Social/Emotional Stability   
General Health  **   
Current or Recent Health Problems   
Medications **   
 
Please explain “Difficulties” or “Yes” answers, and any language issues we should know 
about. 
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Education. 
8. Total number of years of education     (in and out of the US). 
9. Year in school. (If the participant is on summer vacation, what year in school did he/she get to 
complete?) 
   
  Young children                       Older children/Adolescents                           Adult 
  Kindergarten  (1)                            Fifth grade (6)         Freshman (12) 
  First grade  (2)                                Sixth grade (7)         Sophmore (13) 
  Second grade  (3)                           Seventh grade (8)                         Junior (14) 
  Third grade  (4)              Eight grade (9)         Senior (15) 
  Fourth grade  (5)              Ninth grade (10)         Graduate student  
                High School (11) 
                                                                           
10. SAT Scores: 
Verbal:   (range from 200-800)    Quantitative:   (range from 200-800) 
Total:   (range from 400-1600) 
11. Current college GPA:   (If first quarter Freshman, then provide high school 
GPA) 
12. College major (or intended major):        
13. Highest level of education completed by your parents (check one response for each): 
 

Mother Father  

  Some elementary or less than elementary (1) 
  Some high school or less than high school (2) 
  High school graduate (3) 
  Some college (4) 
  College graduate (5) 
  Advanced degree (6) 
  Don’t know/Not applicable (7) 

 
Residency 
14. Were you born in the US?    Yes   No  
     a). If not, where were you born?      
16. If applicable, how many years have you lived in the US?    
17. If applicable, how old were you when you moved to the US?    
18. Besides the US, please list the countries where you have lived or traveled extensively, 
length of stay, and the language(s) spoken there. Do not include trips that lasted less than 1 
month.  
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Country Length of Stay (in 

months or years) 
Languages Spoken There 

   
   
   
Second Language History 
19. What was the first language you learned as a child?      
20. Was there any other language, besides the L1, spoken in your home before age 12?  Y / N 
21. Which language(s)?          
22. Please list all of the languages you know, from the most proficient to the least 
proficient, indicating the age at which you were first exposed to each, as well as the amount 
of formal education you have had in each language: 
    
 *Age at first experience = This includes any systematic contact with the target 
language  inside or outside the US 
 * Years of formal study = This includes any class taught in the first or second 
language  (e.g., chemistry, biology, ESL, arts, foreign language, etc). 
   

Target language *Age at First Experience  *Years of Formal 
Study 

   
   
   
   
 
23. Please specify the age at which you started to learn your second language in any or all of 
the following situations: 
 
 At home :     
 In school:     
 After arriving to the US:     
 
24. How did you learn your second language up to this point? (Check all that apply) 
 
  Mainly through formal classroom instruction 
  Mainly through interactions with others 
  A mixture of both 
 
L2-use, L2 Input, and type of bilingualism 
 
25. What are (or were) the languages spoken proficiently by your . . . 
Grandparents?     Spouse/Intimates?    
Parents?    Children/Nieces/Nephews?    
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Siblings?     Teachers?       
Friends?      Coworkers?       
 
26. Please indicate, on average, what percentage of our day is spent using each of your 
respective languages: 
English:    % Spanish:    % Other:   % 
27. In which language(s) do you usually . . .  
Talk with friends?    Talk with family of origin? ____________ 
Use at work?                Use to add, multiply, etc.?    
Dream?     Express affection?     
Swear?      Watch T.V.?      
Read?      Write?       
Talk with spouse or intimate?   Use at school?      
Talk with your children?     Think?                
Listen to radio?        
 
28. How proficient are you currently in each of your languages?  Please rate your current skills 
in each of the noted areas using a 7-point scale (in which 1 is “almost none” and 7 is “like a 
native speaker”)  
 
Language Speech Listening Reading Writing 
English     
Spanish     
 
29. Name the languages that were used to receive instruction for each schooling level: 
 a)  Primary/Elementary       
 b)  Secundary/Middle School      
 c)  High School        
 d) College/University       
 
30. Do you have a foreign accent in the languages you speak? If so, please rate the strength of 
your accent below  (in which 1 is “Very strong” and 6 is “No Accent”) 
  
 a) Spanish         b) English       
 
31. If there is anything else that you feel is interesting or important about your language 
background or language use, please comment below: 
             
 
             
 
32. Occupational Scale . Please check the one that applies  (scale not shown to participants) 

Mother Father Professions Scale 

! ! Higher executive: Chairperson, president, vice-president, assistant 

vice-president, treasurer
9

! ! Higher executive: Chairperson, president, vice-president, assistant 

vice-president, treasurer
9

! ! Government official, federal, state, and local: members of 

congress, state officials, mayors, city managers
9

! ! Propietor of business(es) valued at $250,000 or more 9
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Mother Father Professions Scale 

! ! Owner of farm(s) valued at $250,000 or more 9

! !

! ! Administrative officer in large concerns: district manager, 

executive assistant, personnel manager, production manager
8

! ! Propietor of business(es) valued between $100,000 and $250,000 8

! ! Owner of farm(s) valued between $100,000 and $250,000 8

! ! Commissioned officer in the military: Liutenant, captain 8

! !

  

! ! Propietor of business(es) valued between $75,000 and $100,000 7

! ! Owner of farm(s) valued between $75,000 and $100,000 7

! !

  

! ! 6

  

6

! ! Propietor of business(es) valued between $50,000 and $75,000 6

! ! Owner of farm(s) valued between $50,000 and $75,000 6

! !

  

! ! Propietor of business(es) valued between $25,000 and $50,000 5

! ! Owner of farm(s) valued between $25,000 and $50,000 5

! !

  

! ! Farmer who owns farm machinery and livestock 4

! ! Noncommissioned officer in the military 4

! ! Animal caretaker, assembler, insulation worker, bus driver, 

boatman, canning/bottling operatives, craneman, chauffeur, 

barber, road machine operator, file clerk, forklift operative, 

midwife, nurse aid, motorman (mine, factory, logging), painter, 

meat cutter, hairdresser, guard, health aid, knitter, manufacturing, 

housekeepers (private household), oiler/greaser, photographic 

process worker, fisherman, farm laborer, roofer, sailor, service 

worker, sewer, taxicab driver, upholsterer, weaver, textile operative, 

welfare service aid, enlisted member of the armed services

3

! ! Bartender, busboy, carpenter helper, child care worker, construction 

laborer, cook, food service, elevator operator, crossing guard, 

freight/material handler, garage worker, garbage collector, 

gardener, laundry/dry cleaning operatives, lumberman, meat 

wrapper, parking attendant, waiter, warehousemen, school monitor 

2

! ! Dishwasher, bellhop, newsboy, teamster, vehicle washer, usher, 

stockhandler, janitor, laundress, attendants, personal service, 

maid, servant, cleaner

1

Major professional: Actuary, architect, engineer, lawyer, scientist, 

financial manager, chemist, bank officer, physician,psychologist, 

sociologist, teacher (college/university), veterinarians

Professionals: Accountant, administrator, author, curator, editor, 

computer specialist, chiropractor, librarian, nurse, public 

administrator, clergyman, industrial engineer, pharmacist, teacher 

(secondary school), pilot, statistician, personnel worker

9

8

Manager (residential, sales, office), actor, artist, designer, health 

practitioner, announcers (radio/television),publicity writers, real 

state agent, sculptor, social worker, counselor, teacher, reporter, 

surveyor

7

Technician, therapist, shipper, secretary, religious worker, research 

worker, tool programmes, sheriff, dietitian, dental hygienist, 

athlete, air traffic controller, advertising agent, enbalmers, 

draftsman, inspector, photographer, flight enginner, optician, 

payroll clerk, department head/retail trade, navy, interpreter 

Clerical worker, bank teller, billing clerk, cashier, bookkeeper, 

auctioner, dental assistant, collector, clerical assistant, clerical 

supervisor, library assistant, recreation worker, telephone operator, 

therapy assistant, typist, machine operator

5

Baker, blacksmith, bookbinder, carpenter, brickmason, detective, 

electrician, dispatcher, carpet installer, decorator, concrete finisher, 

miller (grain, flour, feed), firemen, mail carrier, molder (metal), 

interviewer, inspector (heat, A/C), meter reader, manager (bar, 

restaurant), marshal, housekeeper, jeweler, pressman, plumber, 

postal clerk, proof reader, repairman, sheetmal worker, weigher, 

welder, telephone lineman, tile setter, tailor, radio operator, railroad 

operator

4
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Table 1 

Table 1. Demographics and WLPB scores 

                           AOA        English Proficiency      Spanish Proficiency     Level of Education  

   Language Groups 

 

Monolingual              -               81.8  (6.49)                             -                               4.65  (0.93) 

 

Bilingual           3.61 (1.39)        76.1 (9.09)                     71.4 (8.6)                         2.97 (1.56) 

 

Learner Groups 

Better         -     80.6 (8.36)                      70.7 (9.0)                          4.04 (1.20) 

 

Worse             -     76.5 (8.23)                      72.2 (8.7)                          3.4 (1.42) 

 

Note: Standard deviations are in parentheses. 
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Table 2 

Table 2. Vowel features manipulated. Features manipulated in non-word pairs for the 

condition different. 

 

Non-word pairs Feature Maipulated 

gyötyöd – gyotyod Backness 

győtyőd – gyótyód Backness 

győtyőd – gyűtyűd Vowel Height 

gyűtyűd – gyütyüd Duration 
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Table 3 

 

Table 3. Correlations between pig-latin tasks for monolinguals and bilinguals 

 
Subscale                       English -ay            English chi-            Spanish -ay           Spanish chi-             

Participants (n = 44) 

English -ay          −                -.23                         -.10                         .57**   

English chi-                   −             .16       .36 

Spanish -ay                               −     -.11 

Spanish chi-                                         − 
    Note: ** Correlation is significant at the p < 0.01 level (2-tailed). Correlations between English and 

Spanish versions only apply to bilinguals.  
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Table 4 

 

Table 4. Correlation matrix between pretest and posttests for monolinguals and bilinguals 

 
Subscale        Pretest            Posttest 1            Posttest 2           Posttest 3           Posttest 4             

 

Monolinguals (n = 20) 

Pretest      −        .47*                    .53*                     .42    .74** 

Posttest 1               −                 .87**                   .89**  .76** 

Posttest 2                                           −                    .92**  .82** 

Posttest 3                                    −                         .78**             
 
Posttest                                                 − 
   

Bilinguals (n = 24) 

Pretest                −  .28                     .15                       .008     .02 

Posttest 1                −     .69**                   .51**   .61** 

Posttest 2                           −                  .57**   .53** 

Posttest 3               −                           .81**             
 
Posttest 4                                            − 
   Note: * Correlation is significant at the p < 0.05 level (2-tailed) 

** Correlation is significant at the p < 0.01 level (2-tailed) 
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Table 5. 

 

 

 

 

 

 

2X2 ANOVA (Group x Time)

Hemisphere Area Cluster Peak Z MNI Coordinates BA Intensity threshold 
Pre-training results within groups 
Monolinguals   0.001

Left Middle Temporal Gyrus/Superior Temporal Gyrus 1929 5.42 -46 -22  -4 22
Right Superior Temporal Gyrus 1711 4.36  48  -8  -2 22

Bilinguals   0.001
Right Superior Temporal Gyrus 1079 4.03  62 -18   4 22
Left Middle Temporal Gyrus/Superior Temporal Gyrus 603 3.95 -54 -16  -4 21
Left Rolandic Operculum 152 3.53 -40 -26  14 13

Post-training results within groups
Monolinguals 0.001

Left Superior Temporal Gyrus (Heschl's) 410 4.16 -34 -24  10 13
Left Cingulate Gyrus 79 4 -20 -10  36 24
Left Cingulate Gyrus 575 3.98  -6 -16  30 23
Left Caudate Body 41 3.69 -12  22  14 .

Right Superior Temporal Gyrus 94 3.54  54  -6  -6 22
Right Superior Temporal Gyrus (Heschl's) 84 3.36  46 -22   6 22
Right Middle Temporal Gyrus 35 3.19  64 -30   0 22

Bilinguals 0.001
Right Superior Temporal Gyrus 2281 5.31  50 -18   6 22
Left Superior Temporal Gyrus 2688 4.99 -50 -20   8 41

Right Cingulate Gyrus 520 4.41  20 -44  24 31
Right Cerebellar Vermis 72 4.05   0 -40  -4 .
Left Anterior Cingulate Gyrus 117 3.7 -22  32   8 32

Right Caudate Nucleus 45 3.6  22  10  18 .
Left Cingulate Gyrus 16 3.33 -18 -18  34 24
Left Thalamus 25 3.3   0  -8  12 .

Post-training > Pre-training within groups 0.005
Monolinguals

Left Anterior Cingulate Gyrus 319 4.2 -20 -10 36 24
Left Caudate Body 52 3.37 -12  22 10 .
Left Caudate Body 36 3.29   0  12 10 .

Right Anterior Cingulate Gyrus 106 3  22  -8 38 6
Right Middle Cingulate Gyrus 208 2.92   4 -26 34 31

Bilinguals 0.005
Left Inferior Parietal Lobule/Middle Temporal Gyrus 626 3.92 -52 -38  42 40

Right Cingulate Gyrus 80 3.37  18 -16  46 24
Right Precuneus/Superior/Inferior Parietal Lobule 346 3.26  26 -46  38 7
Left Cingulate Gyrus 31 3.16 -20  10  32 32

Right Caudate Body 27 3.11  20  24   8 .
Left Middle Temporal Gyrus 23 2.96 -32 -60  18 19
Left Cingulate Gyrus 16 2.82 -20 -32  38 31

Post-training > Pre-training across groups  
Exclusive Bilingual   0.001, mask at 0.05

Right Precuneus 20 3.37  24 -46 38 31
Left Inferior Parietal Lobule 16 3.32 -26 -54 32 39

Exclusive Monolingual 0.001, mask at 0.05
Left Ant. Cingulate Gyrus 74 3.98 -20  -8 36 24
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Table 6  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Post-hoc regression with better worse perceivers 

Hemisphere Area Cluster Peak Z MNI Coordinates BA Intensity threshold 
Pre-training in Better Perceivers

Left Superior Temporal Gyrus (Heschl's) 3281 5.6 -50 -16  -4 22 0.001
Right Superior Temporal Gyrus (Heschl's) 3205 5.53  62 -18   2 22
Left Cerebellar Vermis 27 3.51  -2 -38  -8 .

Pre-training in Worse Perceivers
Left Middle Temporal Gyrus (posterior) 39 3.31 -26 -34  62 2 0.001
Left Postcentral Gyrus 41 3.29 -44 -64   2 37

Post-training in Better Perceivers
Right Superior Temporal Gyrus (Heschl's)** 11160 6.05  48 -20   6 13 0.001
Left Superior Temporal Gyrus 5.61 -40 -26  10 41

Right Cerebellum (Culmen) 132 3.89   0 -40  -2 .
Right Cerebellum (Vermis) 36 3.52  30 -60 -26 .
Left Cerebellum (Vermis) 40 3.38  -2 -78 -22 .

Post-training in Worse Perceivers
Right Superior Parietal Lobule 24 3.35  24 -50 70 7 0.005
Left Supramarginal Gyrus 98 3.26 -62 -20 40 4

Right Postcentral Gyrus 108 3.14  66 -12 34 6

** This area of activation extended to the thalamus, head/body/tail of the caudate, cingulate gyrus, precentral gyrus, and rolandic operculum. 
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Figure Captions 

Figure 1. Vowel chart of Spanish, English and target Hungarian sounds. Adapted from 

 the International Phonetic Alphabet (IPA). Spanish vowel sound symbols are color-

 coded in red, English in green, and Hungarian in blue. Note that Hungarian vowels 

 are unique in their distribution with respect to English and Spanish vowels.  The 

 symbols for Hungarian sounds are represented by the following letters:  y = ü ; yː = ű; 

 ø = ö; øː = ő; oː = ó; o = o.  

Figure 2. A) Experimental trial in pre-attentive listening task in the MRI. The computer  

program Psyscope X triggered the scanner to synchronize stimulus presentation with 

scanner sequence. After 1.6s of image acquisition, the scanner noise was reduced to 

enable the audible presentation of Hungarian non-words. Participants were asked not 

to respond to the non-words played. Instead, they were instructed to watch the movie 

while in the scanner. The same sequence was used for baseline trials, but without 

non-words playing in the background. B) Grand scheme of task design. Blocks of 5 

experimental trials alternated with blocks of 3 baseline trials. Blocks of experimental 

trials alternated between conditions of same and different.  

Figure 3. Procedure to complete study. Participants visited the respective facilities at the  

University of Houston and Baylor College of Medicine during the days that 

corresponded to training or brain scanning. As presented in the graph, participants 

completed a screening session and language assessment session on the first visit 

subsequently followed by a pre-training fMRI session, 4 days of training that 

included one pretest and four posttests, and a post-training fMRI session. 

Figure 4. Bar graphs of mean language proficiency. Mean proficiency of English in  
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monolinguals and bilinguals and mean proficiency of English and Spanish in 

bilinguals. Error bars indicate standard error. Monolinguals and bilinguals differ 

significantly in their proficiency of English.  

Figure 5. Bar graphs of mean performance on Pig-latin tasks. A) Mean scores in English 

 pig-latin subtasks –ay and chi- across groups. B) Mean scores in Spanish pig-latin 

 subtasks in bilinguals. Error bars indicate standard error.  

Figure 6. Scatterplot matrix of Pig-latin performance. The significant correlation between  

English pig-latin -ay and Spanish Pig-latin chi- has been magnified. r = 0.576, p < 

0.004 (R² = 0.33) 

Figure 7. A) Plot of Time x Group in 2-way repeated measures ANOVA. Monolinguals 

 and bilinguals significantly improved during the training but the groups did not differ 

 from each other in the discrimination of novel sounds. B) Plot of Time x Group 

 adjusted with standard error bars.  

Figure 8. Scatterplot matrix of posttests performance. Correlations between prestest and  

posttests in monolinguals and bilinguals. Monolinguals drive the correlation between  

pretest and posttest 4 as seen in the first left quadrant at the top. While monolinguals 

continue improving throughout the training, bilinguals appear to enhance their 

performance around the third session of training – as seen in the bottom quadrant 

encircled in red.  

Figure 9. Brain activations in monolinguals and bilinguals before and after training.  

Monolinguals and bilinguals showed bilateral activity in the superior temporal gyrus 

before training. After training, monolinguals showed greater activity in the left 
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cingulate gyrus whereas bilinguals showed greater activity in the superior temporal 

gyrus bilaterally.  

Figure 10. Brain activations in monolinguals and bilinguals for the contrast post-

training > pre-training. Both groups of participants showed activity in several regions of 

 the cingulate gyrus (anterior, middle, and posterior). Monolinguals primarily showed 

 activity in the cingulate gyrus whereas bilinguals showed some activity in the 

 cingulate gyrus and extensive activity in the inferior parietal lobule bilaterally. 

Figure 11. Exclusive brain activations in monolinguals and bilinguals. Activity of the left  

cingulate gyrus was more extensive and intense in monolinguals than activity of the 

left inferior parietal lobule in bilinguals.  

Figure 12. Brain activations in pre-training and post-training fMRI along a continuum 

of better and worse perceivers.  Better perceivers show more extensive and intensive 

 activity than worse perceivers before and after training. Better perceivers are primed 

 to learn before exposure to novel stimuli and learn more after training.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Monolinguals 

Bilinguals 



 76 

Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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