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Little is known about the neural mechanisms that underlie tuning to the native language(s) in
early infancy. Here we review language tuning through the lens of type and amount of language
experience and introduce a new manner in which to conceptualize the phenomenon of language
tuning: the relative speed of tuning hypothesis. This hypothesis has as its goal a characterization
of the unique time course of the tuning process, given the different components (e.g., phonology,
prosody, syntax, semantics) of one or more languages as they become available to infants, and
biologically based maturational constraints. In this review, we first examine the established
behavioral findings and integrate more recent neurophysiological data on neonatal development,
which together demonstrate evidence of early language tuning given differential language
exposure even in utero. Next, we examine traditional accounts of sensitive and critical periods to
determine how these constructs complement current data on the neural mechanisms underlying
language tuning. We then synthesize the extant infant behavioral and neurophysiological data
on monolingual, bilingual, and sensory deprived tuning, thereby scrutinizing the effect of these
three different language profiles on the specific timing, progression, and outcome of language
tuning. Finally, we discuss future directions researchers might pursue to further understand
this aspect of language development, advocating our relative speed of tuning hypothesis as
a useful framework for conceptualizing the complex process by which language experience
works together with biological constraints to shape language development.
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INTRODUCTION

Infants tune to the specific language(s) in their environment very
quickly. Much evidence suggests that an individual infant’s early
language exposure is critical to this tuning process, but we know
relatively little about the underlying neural mechanisms that facili-
tate it. For example, do neural pathways that support tuning to a
single language differ from those that support tuning to two (or
more) languages? If the timing of language exposure matters, does
early tuning to a single native language limit the neural mechanisms
available for later acquisition of languages? This review examines
data from behavioral and neurophysiological research, following
the developmental timeline, to examine how biological matura-
tion interacts with language experience/exposure to influence the
underlying neural mechanisms that support language tuning.

In what follows, we consider when experience with language
truly begins, and how that experience impacts the development of
neural pathways in support of language learning. We then review
classic and more recent research on neonates, young infants, and
older infants to better understand what is known (and unknown)
about the different stages of postnatal language learning. And, since
substantial evidence indicates that language learning is influenced
by an infant’s particular language profile (i.e., single versus multiple
language experience), we also explore how perceptual tuning spe-
cifically to language (i.e., “language tuning”) fits into the oft debated
concept of critical (or sensitive) periods. Finally, we explore how

data collected using neurophysiological methodologies can add to
what is currently known about the processes of infant perceptual
tuning, in general, and language development, in particular. Based
on our synthesis of these diverse sources of data, we conclude with
the introduction of a new manner in which to conceptualize lan-
guage tuning: the relative speed of tuning hypothesis.

EARLY EXPERIENCE AND ITS INFLUENCE ON NEURAL AND
BEHAVIORAL CORRELATES OF LANGUAGE TUNING

Strict interpretations of language development as completely bio-
logically endowed or completely experience-based have loosened in
recent years. Although researchers accept that the biological basis
for learning language is in place and at work at birth, there is also
substantial appreciation for the fact that changes in environment
have profound effects on language outcome. Indeed, there is con-
siderable evidence that critical interactions between neural biases
and environmental shaping are at work in utero.

For example, external sound stimuli are “heard” through tissue
and liquid barriers of the womb, which excludes frequencies greater
than 5000 Hz (Jardri et al., 2008). In spite of sound filtration by the
womb, numerous researchers have used behavioral and physiologi-
cal measures — such as heart rate and movement — to extrapolate
information about when auditory processing begins in utero and
what sorts of distinctions the developing fetus can make at various
points in gestational time. Lecanuet et al. (1995) provided some of
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the first physiological (heart rate) data suggesting that fetal hear-
ing occurs before 28 gestational weeks. In fact, the fetus responds
to sound at 22 gestational weeks (Hepper and Shabidullah, 1994)
and habituates to repeated sound stimuli at 32 gestational weeks
(Morokuma etal.,2004). Moreover, as babies near term, their sensi-
tivity to more complex auditory stimuli improves, allowing them to
perceive variations in music (Kisilevsky et al., 2004) and differenti-
ate between prosodic cues in familiar and novel rhymes (Decasper
etal., 1994). Although these studies illustrate a suprasegmental level
of language exposure and processing, our concept of true language
“experience” should not begin only at birth, as other aspects of
language are likewise capable of passing through the uterine wall.
This implies a currently unknown threshold in prenatal auditory
processing. To better understand the true nature of the intrauterine
experience of speech, further research is needed.

The domain of fetal development highlights how biology and
environment have already combined prenatally to set the process
of language learning in motion. Our position is that the develop-
ment of neural pathways supporting language begins in utero,and is
shaped by the interaction of biology and language experience even
then. Understanding the extent and implication of that interaction
will require data, both behavioral and neurophysiological, from
multiple sources. However, in order to begin to examine language
tuning, we must first understand to which aspects of language
infants are initially sensitive. Fortunately, we have a wealth of data
that can inform us about the neural mechanisms already available
to support language development once a baby is born.

BEHAVIORAL AND NEUROPHYSIOLOGICAL EVIDENCE OF
NATIVE/NON-NATIVE SPEECH PERCEPTION IN NEONATES
The most compelling initial evidence about the precocity of infants’
language abilities came from a series of behavioral studies showing
that neonates are capable of performing various cross-language
discriminations (Mehler et al., 1978, 1988; Moon et al., 1993; Nazzi
etal., 1998; Ramus et al., 2000). Specifically, these studies revealed
that neonates prefer their native language over another language
with a dissimilar rhythmic structure. Furthermore, this prefer-
ence — for the prosodic pattern of the native tongue — has been
shown to stem from prenatal experience with native speech (Moon
et al., 1993). The preference remains constant as well, including
when babies are exposed to two languages (English and Tagalog)
in utero. In the case of two languages, infants display equal pref-
erence for each when tested as newborns (Byers-Heinlein et al.,
2010). Moreover, the data show that Chinese—English bilingually
exposed neonates showed intermediate patterns of preference for
English compared with Tagalog, but importantly, these newborns
are able to discriminate English from Tagalog. Thus, given prenatal
experience with more than one language, neonates appear capable
of discriminating between the two.

Neonatal near-infrared spectroscopy (NIRS) studies have
added support to these behavioral findings, demonstrating dis-
tinct hemodynamic response patterns given different syntactic
structures (Gervain et al., 2008). Specifically, Gervain et al. (2008)
observed increased hemodynamic activity to a repeated syllable
sequence in both temporal and left frontal regions in contrast
to an unchanging hemodynamic response to control sequences.
Differences between the two auditory conditions were observed in

the first few trials of the study, as well as across the course of the
experiment. The increased hemodynamic response to the repeti-
tion sequence in comparison with the control sequences suggests
that neonates possess a (perhaps automated) neural mechanism
responsible for detecting repetitions. Furthermore, a familiarity
effect was inferred by the researchers from the increased hemody-
namic response observed during later trials in response to repetition
and not to control sequences. As the authors concluded, these data
may demonstrate an early neural sensitivity to configurations of
auditory stimuli that are often heard in speech.

Near-infrared spectroscopy has also been used to test neonates
between 2 and 5 days of age as they listened to recorded speech
samples in their native language. Pefia et al. (2003) found that native
language processing elicited focal regions of activation, including
in the dorsolateral prefrontal cortex, the primary and auditory
association cortices, and the supramarginal gyrus (a portion of
Wernicke’s area). Results from this study demonstrated that mono-
lingual neonates already show increased left relative to right tem-
poral activation in response to forward relative to reversed speech.
More recently, Saito et al. (2007) used NIRS to demonstrate that
neonates discriminate between infant- and adult-directed speech,
attending more to and showing greater hemodynamic responses to
the former than to the latter in bilateral frontal regions.

Exciting recent findings (May et al., under review), in which
NIRS was used to record monolingual neonates’ neural responses
during exposure to auditory-only, low-pass filtered sentences in
forward and backward native (or familiar) English, and non-native
(or unfamiliar) Tagalog, showed that similar channels are activated
for forward but not to backward speech in these infants. Moreover,
there was no difference in lateralization observed for the two lan-
guages, with both eliciting bilateral hemodynamic functions. These
findings suggest that similar regions are used to process native and
non-native speech in monolingual neonates. However, infants in
this study also showed no significant difference in response to for-
ward and backward English conditions, a finding that contrasts with
previous results obtained using unfiltered speech (Pefia et al., 2003).
The authors posit that the focused prosodic cues available in the
low-pass filtered speech may have been driving the bilateral patterns
of activation observed, as well as the atypical results concerning
forward and backward English. Notably, the same stimuli were uti-
lized in a previous study, which showed that bilingual exposure in
utero resulted in bilingual neonates distinguishing between English
and Tagalog (Byers-Heinlein et al., 2010).

Opverall, these results add support to the view that left-lateralized
language processing mechanisms are in place at birth. Of course,
further research is needed to clarify the somewhat mixed neuro-
physiological evidence for differences in sensitivity to native com-
pared with non-native speech processing in this age group (for a
theoretical review of the NIRS left-lateralized speech literature see
Minagawa-Kawai et al., 2011b). In particular, and in light of the
comparison between speech and non-speech auditory stimuli with
comparable complexity, the increased hemodynamic activity dem-
onstrated to be specific to speech is compelling. Nonetheless, these
data have not simplified theoretical debates about the degree to
which nature and nurture come into play differentially in early lan-
guage development. Rather, they have served to push the focal age
for this debate ever earlier in development. Because of the paucity
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of neonatal (much less prenatal) data, we instead will focus on a
well established postnatal phenomenon — categorical perception
of speech sounds — to highlight how behavioral evidence has dem-
onstrated that environment shapes biology strongly and quickly
in the first year of life.

BEHAVIORAL AND NEUROPHYSIOLOGICAL EVIDENCE OF
NATIVE LANGUAGE SENSITIVITY IN NEONATES

Given short exposure to the unfiltered speech signal, newborns
demonstrate an impressive ability to process their native language.
In spite of this limited experience, neonates can distinguish native
speech from other complex, non-speech auditory stimuli when these
are controlled for spectral and temporal factors (Vouloumanos and
Werker, 2007). Recent research using NIRS has uncovered evidence
of the neural mechanisms underlying these behavioral findings.
Specifically, NIRS data demonstrate that the cortical areas utilized
during speech processing are distinct compared with other audi-
tory stimuli (for a review see Lloyd-Fox et al., 2010). For example,
Kotilahti et al. (2010) compared music and speech processing in
neonates. Overall, although no significant activation over base-
line was observed in the right hemisphere for music or for speech,
the auditory stimuli elicited bilateral activation, with increased
responses in left relative to right temporal cortex during speech
relative to music.

Apart from speech/non-speech distinctions, i utero experience
with speech appears to be sufficient for newborns to differenti-
ate between familiar speakers and stories in the context of native
speech. For example, behavioral evidence clearly demonstrates that,
within the first day of life, infants prefer their mother’s voice over
that of another woman (Decasper and Fifer, 1980). In addition,
newborns can discriminate between a familiar (i.e., familiarized
given prenatal exposure) and a novel story in their native language
(Garnicka, 1977; Stern et al., 1983; Albin and Echols, 1996). They
also discriminate between their own and another language from
a different language family at birth. This recognition of familiar,
native speech also extends to neurophysiological responses elic-
ited from a single participant using electroencephalography (EEG).
Radicevic et al. (2008) tested a single infant at 24 and 75 days of age.
The child was read a story by the mother in her native tongue before
and after birth (from 27 gestational weeks to 1 week before birth,
then after birth for 7 days). Following birth, the infant was tested
on several conditions: familiar (mother’s) voice/familiar content,
unfamiliar voice/familiar content, unfamiliar voice/familiar content
in a non-native language. At 24 days, the familiar voice and content
elicited a different delta rhythm from the non-native content in an
unfamiliar voice, which resembled the resting state. In addition,
at both ages, the unfamiliar language and voice elicited a response
similar to rest. Moreover, 75-day measurements revealed similar
delta and theta rhythms for both familiar and unfamiliar content
regardless of language type or speaker familiarity.

BEHAVIORAL EVIDENCE OF PERCEPTUAL TUNING AND
IMPLICATIONS FOR NEURAL CORRELATES

Perceptual tuning is a complex developmental phenomenon that
has been the sole topic of substantial review papers (Sebastian-
Galles, 2002; Werker and Tees, 2005). Here we focus specifically
on the interplay between language environment and the neural

mechanisms that support this tuning process. We will briefly discuss
behavioral evidence for language-specific perceptual tuning, and
follow up with a more detailed discussion of those neurophysiologi-
cal data that can inform us about the neural sensitivities present
during infancy that may underlie this.

Language tuning is the narrowing of perception of speech
sounds over the first year of life, from an initially broad ability to
distinguish many minimally contrastive phonemes to an increas-
ingly specialized capacity to distinguish (for the most part) only
those phonemes relevant to one’s ambient language (Eimas et al.,
1971; Jusczyk et al., 1977; Werker and Tees, 1983, 1999; Werker
and Lalonde, 1988; Polka and Werker, 1994; Jusczyk, 1997). For
the purpose of this discussion, the term “perceptual tuning” will
be used synonymously with “perceptual narrowing” and “percep-
tual reorganization” (Best, 1994). As we have already seen, infants
demonstrate tremendous skill in processing the speech stream from
an early age, and a substantial behavioral literature has demon-
strated that perceptual tuning to native speech occurs relatively
early in development. Specifically, between 10 and 12 months of
age infants with monolingual language profiles become more adept
at discriminating native compared with non-native phonemic
contrasts (Werker and Tees, 1984). In addition, Kuhl et al. (2006)
demonstrated that monolingual English-exposed and monolingual
Japanese-exposed 6- to 8-month-old infants were able to make the
English/r/and/l/distinction, but by 10-12 months of age, only the
monolingual English-exposed infants continued to differentiate
these phonemes.

These data are further supported by event-related potential
(ERP) data from 4- to 5-month-olds demonstrating different mis-
match negativity signatures during exposure to pseudowords with
a stress pattern common to the native language versus one uncom-
mon to that language (Friederici et al., 2007). Moreover, another
ERP study found infant responses indicative of both native and
non-native consonant contrast discrimination in 7-month-olds,
whereas 11-month-olds did not demonstrate such sensitivity con-
trasts (Rivera-Gaxiola et al., 2005). However, when analyses were
based on a different parsing of ERP components, 11-month-old
infants appeared to still be sensitive to both types of contrast. These
conflicting results (though given differing methods of data analysis)
suggest that differences in native compared with non-native conso-
nant contrasts may not be as robust as once thought, thus requiring
further investigation, particularly using ERP methods. In addition
to conflicting results on consonant contrasts, behavioral findings
have suggested a somewhat earlier timeline (e.g., 6—8 months) for
vowel discrimination (Kuhl et al., 1992; Polka and Werker, 1994).
Thus, one way to conceptualize perceptual narrowing is to view
experience with a native language as sharpening the boundaries
between native contrasts (Aslin and Pisoni, 1980; Kuhl et al., 2001;
Polka et al., 2001).

Furthermore, recent work by Narayan et al. (2010) has uncov-
ered evidence that some phoneme contrasts are not available
“pre-tuning,”' while others (even non-native) remain available
after tuning should (arguably) have ended (i.e., after 8 months).
Specifically, these researchers found that the non-native/na/-/na/

'The pre-tuning label is reflective of the traditional behavioral literature’s timeline
for language tuning in monolingual infants (i.e., before 6 months of age).
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contrast was not perceived by English 4- to 12-month-olds, nor
was it perceived by Filipino 6- to 8-month-olds, for whom it was
a native contrast. However, older Filipino 10- to 12-month-olds
were able to make the distinction. This perceptual pattern is unu-
sual, as non-native contrasts are typically perceived by pre-tuned
infants of any language background (Trehub, 1976; Werker and
Tees, 1984; Polka et al.,2001). This account highlights the intuitively
appealing point that the perceptual tuning process is mediated by
the relative difficulty or ease of speech signal processing (termed
“acoustic salience” by Narayan et al. (2010). Given the behavioral
evidence for perceptual tuning to speech over the first year of life,
itis reasonable to assume that the neural mechanism(s) responsible
for this process may be undergoing a concurrent and pronounced
period of development. This could be considered the key critical,
or sensitive, period.

POSSIBLE NEURAL MECHANISMS FOR LANGUAGE TUNING
IN INFANCY

Needless to say, language development researchers have long
debated the timing and degree of any so-called critical period
(Johnson, 2001, 2005; Werker and Tees, 2005; Armstrong et al.,
2006; Thomas and Johnson, 2008). The following summary of the
critical/sensitive/optimal outcome period literature highlights how
different perspectives on the issue may inform our understanding
of the possible neural mechanisms underlying language tuning.

A critical period has been described as a fixed time range dur-
ing which an organism’s neural processing and behavior can be
influenced by external environmental input (e.g., Werker and Tees,
2005). In contrast, a sensitive or optimal period (we will use the
term sensitive period) is conceptualized as having a variable offset
that depends on the organism’s experience and learning (Knudsen,
1999), making the system adaptable to changing environmental
inputs for a more flexible length of time. Importantly, Werker and
Tees (2005) have reviewed evidence suggesting that different aspects
of language (e.g., syntax, phonology, morphology, semantics) may
each have their own critical period, or atleast develop in a(n) “inter-
related” or “nested” set of critical periods. Specifically, as infants
gain more experience with language, they become (incrementally)
more aware of progressively complex components and of variability
in the speech signal.

Behavioral evidence of sequential mastery of different aspects
of language has generated several theories about the plasticity of
neural mechanisms in early development. Neural plasticity is a
state of functional changes within the dynamic, iterative process of
neural development. Although the current literature has yet to tease
apart the functional significance of the increase in synaptogenesis
and subsequent pruning of those synapses during infancy, some
have suggested a link between peaks and subsequent elimination
of synapses co-occurring with more mature function (Webb et al.,
2001). While there are certainly dynamic and plastic aspects to
the normally developing brain, the definition of plasticity we will
use here focuses on the connections that are selectively retained
post-pruning because they are used to process input (Stiles, 2000).

Theories applicable to language learning must therefore address
plasticity and at least somewhat account for the influence of early
language experience on the process. Trainor (2005) has proposed
two possible explanations for the particularly strong influence of

environment on neural development during infancy. The first, the
genetically mediated account, posits that neural substrates’ capacity
to change and adapt in response to environmental inputs (such as
those that that drive language tuning), is solely dependent upon
maturation. Thus, infants would be expected to lose neural plastic-
ity by a certain age regardless of environment, a position congruent
with a “critical period” account of language tuning. Trainor’s (2005)
second explanation, the experientially mediated account, holds that
experience facilitates brain organization by reducing neural plastic-
ity as connections become more functionally specified. This theory
is very similar to the neural commitment hypothesis (Kuhl et al.,
2005b; Kuhl and Rivera-Gaxiola, 2008), which asserts that language
environment shapes the creation of infants’ neural connections (i.e.,
neural commitment). In particular, a language profile is thought
to define the parameters of a “mental filter.” Input that does not
get through this filter is less effectively processed. Both of these
theories are congruent with a sensitive, rather than critical, period
perspective on language tuning, because experience (rather than
time-based maturation) controls the reduction in neural plasticity.

Thomas and Johnson (2008) have reviewed several theories of
the mechanisms underlying such period, and at least two of these
may have direct relevance to understanding the neural basis for
language tuning. First, their mechanism of termination of plasticity
regulates the rate of synaptic pruning, such that pruning increases
with the biological maturation of brain regions and as they become
specialized to perform specific functions, such as sensory, motor,
or cognitive processing. As with the genetically mediated account
discussed by Trainor (2005), this perspective implies a biologically
programmed (rather than experience-based) process, and therefore
would support a critical period view of language tuning. One could
argue that the initially robust ability of neonates to discriminate
speech-sound contrasts from a variety of different specific lan-
guages, followed by the marked reduction in this ability months
later, could be explained by a termination of plasticity or genetically
mediated account. However, as some non-native contrasts remain
available after the language tuning period ends (e.g., Narayan et al.,
2010), and given that bilingually exposed infants have shown a
relatively extended period of sensitivity to contrasts (Werker and
Byers-Heinlein, 2008), it is difficult to completely reconcile the lan-
guage tuning process with these strictly maturation-based accounts.

Thomas and Johnson (2008) self-termination of learning account
relies instead on a mechanism in which learning itself is thought
to create neural changes that reduce plasticity. Similar to the previ-
ously discussed experientially mediated account (see Trainor, 2005)
and the neural commitment hypothesis (Kuhl et al., 2005b), this
view holds that responses of particular brain regions emerge largely
from their functional and anatomical connections with other areas;
in other words, their specialization is ultimately activity-dependent.
As such, these experience-based explanations are consistent with
a sensitive period view, in which the narrowing of categorical per-
ception of phonemes that occurs during language tuning could be
explained as a function of the infant’s exposure (or lack thereof)
to those phonemes.

Experience-based explanations also complement an “acous-
tic salience” account of language tuning (Narayan et al., 2010),
in which differential mastery for phoneme contrasts (with more
salient ones being mastered first) begins to equalize as an infant
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gains experience with the less salient ones over time. These could
also explain why sensitivity to some rarely encountered non-native
phonemes, or native language non-speech sounds used to commu-
nicate expressions (e.g., clicks used to convey exasperation or pity by
an English-speaker), remain when others are lost (Best et al., 1988).
Finally, experience-based accounts could reveal why neonates with
bilingual language profiles in utero show equal preference for both
languages (Byers-Heinlein et al., 2010), whereas their monolin-
gually exposed counterparts show preference only for their single
native language (Mehler et al., 1988; Moon et al., 1993; Nazzi et al.,
1998; Ramus et al., 2000).

Although the exact mechanisms underlying language tun-
ing — whether critical or sensitive in nature — are still debated,
the general concept of such a period has important practical
implications, as studies have time and again demonstrated that
the timing of infants’ language exposure (and thus tuning) may
predict future language abilities. For example, early perceptual
sensitivity to simple non-native syllable contrasts at ages 6, 14,
15, and 24 months has been shown to be correlated with sub-
sequent language achievement, as established by the MacArthur
Communicative Developmental Inventory performance on items
such as phrases understood, words understood, and words pro-
duced (Tsao et al., 2004).

Kuhl et al. (2005b) have also reported that skilled early percep-
tion of native language phonemes can be a reliable predictor of
later success in monolingual language development; in contrast,
relatively sustained sensitivity to non-native language phoneme
discrimination predicted a slower rate of language development.
Kuhl etal. (2005b) argued that many markers of language develop-
ment, including number of words produced, sentence complexity,
and mean length of utterance, may be predicted based on an infant’s
early skill — or lack thereof — in discriminating native language
phonemes. However, it is not clear from these behavioral data what
might be driving the differences in the timing of language tuning
and language development and its relation to subsequent language
learning. We turn now to outcomes from neuroimaging and ERP
studies that have attempted to identify possible neural mechanisms
for this process.

NEUROPHYSIOLOGICAL EVIDENCE OF LANGUAGE TUNING IN
INFANCY
Thus far, neurophysiological research on language learning in
infants has revealed evidence of functional processing differences
that may speak to the behavioral differences outlined in the pre-
vious section. In general, neurophysiological data demonstrate
left-lateralized processing for language stimuli across the first
18 months of life. Notably, we will use the term lateralization to
denote bilateral activity with significantly greater activity in the
left compared with the right hemisphere. Most data on language
processing fall into the category of lateralized, with bilateral acti-
vation being observed, though with one hemisphere (usually the
left in the case of speech processing) showing significantly more
activity than the other.

For example, fMRI data from typically developing, sleeping
2- to 3-month-olds demonstrated a significant left asymmetry
(lateralization) for forward (but not backward) native speech (the
infants were monolingually exposed), particularly in posterior

superior temporal regions, whereas the same study showed bilat-
eral responses in other regions (e.g., right dorsolateral prefrontal
cortex; left angular gyrus) in otherwise matched 2- to 3-month-
olds (Dehaene-Lambertz et al., 2002). This lateralized response to
forward, but not backward, speech was also observed in a NIRS
study with sleeping neonates (Taga et al., 2007).

More recently, several NIRS studies have focused on testing
awake and attentive infants to address the role of attentional state
in infant language processing (Lloyd-Fox et al., 2010). For exam-
ple, Taga and Asakawa (2007) exposed monolingual Japanese 2-
to 4-month-olds to unfamiliar native words and found bilateral
temporal activation. Notably, the majority of stimulus presenta-
tion in this case was audiovisual, as the three-word stimuli were
presented at different alternating and overlapping intervals with
flashing (4 Hz) checkerboard. In contrast, Minagawa-Kawai et al.
(2011a) exposed monolingual Japanese 4-month-olds to short sen-
tences from auditory-only film dialogs or a speech database deliv-
ered by a male or female speaker. Analyses revealed left-lateralized
hemodynamic activity for native compared with non-native speech
conditions. Further evidence in support of the left-lateralization of
native speech processing during infancy includes a series of NIRS
studies from our own lab, demonstrating increased activation in
the left relative to the right temporal regions in response to native
language stimuli in older monolingual 6- to 9-month-old infants
(Bortfeld et al., 2007, 2009).

Interestingly, a cross-sectional NIRS study using 3- to 28-month-
olds reported outcomes consistent with the idea of a reduction in
plasticity for language tuning (Minagawa-Kawai et al.,2007). Awake
monolingual infants were exposed to a set of four pseudowords
that varied in terms of the duration of the last vowel. Specifically,
two of the stimuli matched native language characteristics while
the remaining two matched non-native characteristics. Total (i.e.,a
sum of oxygenated and deoxygenated) hemoglobin? results showed
significant left-lateralization in response to the native as compared
to the non-native contrast in most of the older infants, whereas all
of the youngest infants showed bilateral activation. Moreover, only
older infants showed significant left-lateralization for the native
contrasts. These results suggest that the emergence of lateralization
to the left corresponds to the neural tuning to a specific language
and corresponding reduction in plasticity, at least for monolin-
gually exposed infants.

Discrepancies in the current literature may be at least par-
tially explained by differences across experiments in method-
ologies, specific cortical measurement locations, details of the
speech stimuli used (e.g., words, syllables, or sentences), atten-
tional states (i.e., awake versus asleep), and whether the stimuli
are auditory or audiovisual in nature (or mixed). For example,
studies in which infants cycle in and out of sleep (e.g., Dehaene-
Lambertz et al., 2002) appear to demonstrate different patterns
of hemodynamic activity given these two different states of alert-
ness. It would make sense that an infant’s attentional state would
impact their processing of speech and understanding the role that
attention plays in neurophysiological measures will require addi-

*Total hemoglobin is an accepted but less utilized measure of hemodynamic activity
because oxygenated hemoglobin generally provides the strongest signal to noise
ratio (see Lloyd-Fox et al., 2010).
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tional research. It is also possible that different aspects of dynamic
stimuli become more or less salient when presentation changes
from uni- to multi-modal (Taga and Asakawa, 2007) and thus
what is being measured may be different from studies in which
stimulus presentation is consistently auditory or consistently
audiovisual (Bortfeld et al., 2007, 2009; Minagawa-Kawai et al.,
2011a). By the same token, studies that use auditory-only stimuli
may differ from those that use audiovisual stimuli. Differences
such as these across studies could be the source of variability in the
degree of laterality observed. Nonetheless, at least for monolin-
gually exposed infants, there seems to be converging evidence for
relatively more involvement of the left than the right hemisphere
during speech processing. However, this left-lateralized neuro-
physiological pattern of language processing may be influenced
by experience with only language. Thus, we will next review the
bilingual literature to examine the effect of additional language
experience on the behavioral and neurophysiological aspects of
language tuning in infancy.

LANGUAGE TUNING IN BILINGUALLY EXPOSED INFANTS
Theoretical accounts of the neural mechanisms involved in lan-
guage tuning necessarily grapple with the interactive nature of
biological and experiential factors. This dynamic relationship lies
at the heart of data showing the fundamental impact of language
environment on the language tuning process. Specifically studying
the process of language tuning in bilingual infants, as compared
to that in monolingual infants, is an important way to understand
language tuning in light of a more diverse language profile (i.e.,
more complex experience). This holds the biological aspect of lan-
guage constant between populations —in particular, when socioeco-
nomic and other factors are likewise controlled, while contrasting
the influence of language experience.

Of course, the degree to which bilingual language tuning differs
from monolingual language tuning may depend upon the languages
involved. The extant data suggest that comparison of bilingual and
monolingual tuning timelines should be considered in the context
of several factors, including the total number of contrastive pho-
nemes within each language, the relative frequency of contrasts, the
level of overlap between different categories across the languages,
and, finally, the amount of exposure to each language profile (Burns
et al., 2007; Sebastian-Galles and Bosch, 2009). These factors, in
addition to choice of experimental paradigm, may account for the
varied results currently available on the timing of language tuning
in studies of monolingual versus bilingual infants (Curtin et al.,
2011).

Current evidence suggests that early bilingual infants’ lan-
guage processing is similar to that of monolingual infants.
Specifically in terms of differentiating native languages from
one another, newborns with prenatal bilingual experience can
discriminate (i.e., demonstrate equal preference for) their two
rhythmically distinct languages at birth (Byers-Heinlein et al.,
2010). Moreover, and relatively on par with the monolingual
processing timeline, 4-month-old bilingual infants can dis-
criminate either of two rhythmically similar languages from an
unfamiliar language (with a different orientation response than
monolinguals that is perhaps due to identifying the languages
spoken before orienting; Bosch and Sebastian-Galles, 1997).

Thus, at least early in development, the pace of language tuning
appears similar between infants with monolingual and bilingual
language profiles.

Historically, results on bilingual language processing in infancy
have appeared conflicted because bilingual infants have demon-
strated language tuning at times on pace with, and at others lagging
behind, their monolingual peers. Three studies in particular illus-
trate how monolingual and bilingual infants can retain similar lan-
guage tuning timelines. First, using a habituation procedure, Burns
etal. (2007) demonstrated that monolingual English and bilingual
French—English 6- to 8-month-olds discriminated both English
(i.e., /ba/and/pa/) and French voice onset time (VOT) contrasts
(i.e., /ba/and/pPa/) equally well. After 10 months, however, mono-
linguals only discriminated their native language contrast, while
bilinguals remained able to make both distinctions. The authors
note that these phonemic contrasts were high in frequency in both
languages, and were likely unambiguous across languages, making
this task relatively easy.

These results are congruent with findings using the head-turn
preference paradigm to test monolingual English infants, mono-
lingual Welsh infants, and English—Welsh bilingual infants, who
demonstrated significantly longer looking times for familiar com-
pared with unfamiliar VOTs (i.e., /ball/and/tall/) in their native
language(s) at approximately 11 months of age (Vihman et al.,
2007). Furthermore, Sundara et al. (2008) utilized an infant-con-
trolled visual habituation procedure and exposed English mono-
linguals, French monolinguals, and French—English bilinguals to
a contrast of the syllable/dae/, as the initial/d/phoneme differed in
place of articulation for English and French (dental versus alveolar)
and thus contrasted allophonically. Six- to 8-month-old infants
from all three groups distinguished between these contrasts, while
only the monolingual English and bilingual 10- to 12-month-olds
were able to distinguish this contrast. These data suggest that,
given highly frequent, similar phonemes with overlapping dis-
tributions across languages, bilingual infants remain on par with
their monolingual counterparts. Thus, when overlap is coupled
with high frequency in similar phonemes, overlap is unlikely to
be a source of confusion or to cause delay in language tuning in
bilingual infants.

However, other studies suggest language tuning may be delayed
in bilingual infants compared with their monolingual counterparts.
For example, Bosch and Sebastian-Galles (2003) used a familiariza-
tion/preference testing procedure to highlight differences in lan-
guage tuning between monolingual and bilingual infants in the
second half of the first year. Infants listened to disyllabic pseudow-
ords with a stress pattern common to both languages, where the
first vowel contrast was phonemic in Catalan, but not in Spanish
(i.e.,/e/versus/e/). Following exposure to the variable tokens of one
pseudoword, they were then tested on their ability to discriminate
between either two new tokens of the familiarized pseudoword
or two new tokens of the alternate (novel) pseudoword. Analyses
revealed that monolingual infants responded to the familiarized
stimuli by 8 months of age, whereas bilingual infants demonstrated
reliable familiarization—preference at 4 months of age and again at
12 months, but not at 8 months. The authors attributed the transi-
tory failure in phonemic discrimination at 8 months to bilinguals’
denser distribution of phonetic space than monolinguals, which
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could render recognition of salient distinctions while ignoring
unimportant ones more difficult. Indeed, comparable behavioral
delays in language tuning were observed in monolingual 8-month-
old infants exposed to a crowded distribution of vowels (Sabourin
etal.,2003) and stops (Conboy and Mills, 2006; Sundara et al., 2006,
2008; Fennell et al., 2007). As previously noted (Burns et al., 2007;
Sundara et al., 2008), in addition to dense phonemic space, the
frequency of the language contrasts used in the ambient language
may also contribute to the relative timing of bilingual language
tuning. Thus, it appears that both monolingual and bilingual infant
populations cope with dense phonetic space by extending flexibility
about this aspect of their language in the tuning process.

In order to further examine the roles of frequency and dis-
tribution of sounds on language tuning, Sebastian-Galles and
Bosch (2009) tested 4-, 8-, and 12-month-old Spanish/Catalan
bilingual infants with two vowel contrasts (i.e., /o-u/and/e-u/).
As noted by the authors, the vowels chosen here were contrastive
in both languages and were found in sparse phonemic space.
Furthermore, the Spanish/u/is more infrequent than/o/, with the
opposite distribution pattern found in Catalan. Using the/o-u/
contrast, a U-shaped pattern of discrimination was observed,
where 4- and 12-month-olds were able to distinguish between
the contrasts, while 8-month-olds were unable to perform this
discrimination task, which was consistent with past data (Bosch
and Sebastian-Galles, 2003). To further eliminate sources of
ambiguity that may impact performance, Sebastian-Galles and
Bosch (2009) tested 8-month-old bilingual infants using tokens
uttered by fewer speakers, as well as tokens from a single speaker
(i.e., reducing speaker-induced variability in the stimulus set).
The data demonstrated that infants remained unable to per-
ceive the/o-u/contrast, suggesting that variability introduced by
multiple speakers does not affect performance. Given the more
acoustically distinct/e-u/contrast, bilingual 8-month-olds (in
addition to their monolingual peers) were able to discriminate
the contrast. Thus, based on the properties of the/o-u/contrast,
it seems unlikely that the statistical properties of phonemic
contrasts were the only factors influencing language tuning.
The authors concluded that other factors, such as the degree of
lexical similarity of the languages within the profile, the type
of contrast studied (i.e., vowel or consonant), the density of
the phonemic environment, and “socio-indexical” factors (e.g.,
language-switching) are more likely to explain differences in
performance for the/o-u/compared with the/e-u/contrasts.
Clearly, the issue will require additional data before any con-
crete conclusions can be drawn. Taken together, results from
these behavioral studies tell us that bilingual language tuning
is a complex process likely impacted by many factors, some of
which also affect monolingual infants, and others that are unique
to this population (Curtin et al., 2011).

In addition to all this, the choice of experimental paradigm
may also affect the outcomes of bilingual tuning studies. For
example, a categorization task administered through a visual
choice paradigm revealed a somewhat different developmen-
tal timeline for the tuning process than more traditional test-
ing methods. The visual choice method is an adaptation of the
anticipatory eye movement paradigm previously used as a change
detection measure with speech stimuli (McMurray and Aslin,

2004). Albareda-Castellot et al. (2011) employed this approach
in a categorization study that began with an attention-getting,
visual reinforce. When the infant attended to the reinforcer, it
moved behind a T-shaped occluder and a disyllabic word from
one of two vowel categories was played three times (Albareda-
Castellot et al., 2011). Following initial occlusion, the reinforcer
reemerged from the left or the right of the occluder, with the
location predicted by the auditory stimulus. The reinforcer then
reoriented the infants in preparation for the next trial. Based on
the assumption that if they have already tuned to the auditory
stimulus, infants will look in the direction predicted by that
stimulus, the researchers analyzed the proportion of correctly
anticipated place-of-emergence trials. They found that Catalan—
Spanish bilingual infants were appropriately tuned to a contrast
common to both languages by the age of 8 months. They further
observed that the bilingual infants kept pace with their mono-
lingual peers for contrasts found in only one of the bilingual
infants’ languages (i.e., by 8 months). Thus, these results contrast
with those from the habituation study by Bosch and Sebastian-
Galles (2003). Given that the same contrasts were utilized in
both studies, the conflict suggests that experimental design and
choice of paradigm influenced an infants’ demonstration of tun-
ing. The possibility that the type of performance required in an
experimental paradigm (rather than competence or ability) may
account for the differential timing of monolingual and bilingual
language tuning observed in previous studies highlights the need
for replication with and across paradigms.

Furthermore, although Albareda-Castellotetal. (2011) results
suggest that monolingually and bilingually exposed infants may
experience a similar onset of native language tuning, it is not
clear whether the degree of attainment (that is, competence) of
language tuning is similar. It is also unclear precisely which dif-
ferences in task demand may be driving the different outcomes
between the familiarization—preference procedure and the visual
choice method. One possibility lies in the “testing” portion of
these two paradigms. For example, the familiarization—preference
procedure can demonstrate discrimination between a single famil-
iarized token (F) and a novel token (N) at test (F versus N; Quinn,
2002). Thus, using the familiarization—preference procedure, only
one of the two stimuli at test (F and not N) are presented in a con-
text or enriched manner (i.e., as a single repetition); this enrich-
ment facilitates processing and has been termed intersensory
facilitation, (Bahrick and Lickliter, 2000, 2002). In contrast, the
visual choice method (or anticipatory eye movement paradigm)
pairs each auditory stimulus with an associated spatial location.
Given that intersensory facilitation is more apparent in tasks with
redundant multi-modal information (i.e., information highlight-
ing differences between stimuli), which could include perception
of speech stimuli (Bahrick et al., 2010), it is thus possible that
the visual choice paradigm allows infants to demonstrate more
mature language tuning behavior due to its use of intersensory
facilitation. This is in contrast to the familiarization—preference
procedure, which uses an enriched presentation for only one
of the two stimuli being tested, thereby limiting the observable
results. Regardless, the discrepancies between these paradigms
make it clear that future studies are needed to examine whether
the timeline of bilingual language tuning may actually be shifted,
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or whether infant cognition may capitalize on different measure-
ment procedures differently (Yoshida et al., 2009; Mattock et al.,
2010; Albareda-Castellot et al., 2011).

In addition to the behavioral studies of bilingual language
tuning in infancy, a handful of studies utilizing the ERP tech-
nique have examined neurophysiological correlates of language
processing in bilingual infant populations. While these stud-
ies do not speak directly to differences in phonetic perception
between monolinguals and bilinguals, they do provide insight
into potential neurophysiological indicators of bilingualism
in infancy. For example, a seminal study by Conboy and Mills
(2006) examined 19- to 22-month-old English—Spanish bilin-
guals’ neurophysiological responses to familiar and unfamiliar
words in the children’s dominant and non-dominant languages
in the context of vocabulary size. These researchers found that
the organization of the responses to words varied according to
both individual and total vocabulary size, with higher producers
producing a significant left-lateralized (P100) response in their
dominant language. No such lateralization effect was observed
in low producers. Furthermore, the researchers observed sig-
nificantly different latencies (N200 versus N400 responses) for
known compared with unknown words. Specifically, unknown
words elicited a right lateralized response in the dominant
language, while the non-dominant language demonstrated no
such lateralization. Thus, these results demonstrate that lan-
guage ability, as measured by vocabulary size, influences speed
of processing and lateralization for processing the dominant
and non-dominant languages.

Finally, Vihman et al. (2007) tested English monolingual and
Welsh monolingual infants, as well as English-Welsh bilingual
infants, all between 9 and 12 months of age, with ERP. Using familiar
and unfamiliar word stimuli, these researchers observed the first
neurophysiological indicator (i.e., in the form of an N2 response) of
word form recognition at 10 months of age in English monolinguals,
where behavioral data has shown such an effect only at 11 months
of age. Furthermore, the ERP familiarity effect for English monolin-
guals vanished at 12 months in both paradigms, possibly indicating
that the neurophysiological indicator of word form recognition is
fundamentally different from the behavioral measure. Importantly,
these authors noted that the Welsh monolingual infants showed no
neurophysiological differences for the stimulus types, which may
be due to unique qualities of the Welsh language (including muta-
tion, reliance on later parts of words, and sociolinguistic factors).
In contrast, 11-month-old English-Welsh bilingual infants showed
the effect of familiarity in both languages and in both procedures,
which may be due to the influence of English language learning on
the Welsh language profile or to some of the other factors already
mentioned. As with previously reviewed studies, elucidation of these
findings will require additional research.

Ultimately, these data demonstrate that a bilingual language
profile in infancy may result in different behavioral and neural
consequences for language tuning in these (bilingual) infants com-
pared with their monolingual peers. Numerous factors, including
the languages involved in the bilingual language profile, the socio-
linguistic environment, the level of overlap between the two lan-
guages, the total number of contrastive elements, and the frequency

distribution of the input, all likely play a role in bilingual language
tuning. Therefore, the take-home message about the time course
of bilingual language tuning is, at present, unclear. However, the
extant data certainly indicate that there are differences between
bilingual and monolingual language profiles in the respective rates
of behavioral evidence of tuning, patterns of related hemodynamic
activity, and ultimate outcomes in language proficiency.

LANGUAGE TUNING IN BILINGUALLY EXPOSED ADULTS
Although data from bilingually exposed infants are sparse and not
always consistent, substantial evidence from bilingual adults has
shown that age of second language (L2) acquisition and L2 pro-
ficiency may dramatically influence language organization in the
brain as well (Vingerhoets et al., 2003; Wartenbuger et al., 2003;
Briellmann et al., 2004; Indefrey, 2006; Hull and Vaid, 2007). A
structural MRI study involving monolinguals and early and late
bilinguals found relatively increased gray matter density in the
bilinguals in the inferior parietal lobe near the temporo-parietal
junction, and significantly more so for early than late bilinguals
(Mechelli et al., 2004). This suggests that the onset age of bilin-
gualism and/or the length of L2 experience may alter the brain’s
actual structure.

In addition to anatomical differences in structure, numer-
ous behavioral, and functional imaging studies have indicated
differential language organization for early bilinguals relative to
late bilinguals and monolinguals. For example, an fMRI study
of multilingual adults with varying ages of L2 acquisition and
different levels of L2 proficiency has demonstrated that late mul-
tilingual speakers consistently show left-lateralization for pro-
cessing all languages, regardless of proficiency (Briellmann et al.,
2004). However, the lone early multilingual in this study appeared
to show bilateral activation patterns for all languages, includ-
ing the (non-proficient) language the participant had acquired
in adulthood (i.e., well outside the language tuning period in
infancy). These outcomes would suggest that the neural substrates
for language are different for bilinguals who acquired one (late
bilinguals) versus multiple (early bilinguals) languages during
early development.

Findings for differential neural bases for language processing
in early and late bilinguals have also been demonstrated in lan-
guages that are not audiovisual in nature. For example, an fMRI
study involving deaf and hearing sign language users showed that
both hearing and deaf early American Sign Language (ASL)—
English bilinguals demonstrated bilateral activation during sign
language processing (Neville et al., 1998). In contrast, late ASL—
English bilinguals and ASL or English monolinguals displayed
primarily left-lateralization of processing. These studies suggest
that early exposure to multiple languages may result in recruit-
ment of bilateral neural substrates — regardless of whether one
of the languages is audiovisual and the other is not. Conversely,
early exposure to a single language, again regardless of whether
it is audiovisual or signed, may result in a left-lateralization for
language. Finally, these outcomes suggest that the end result
of language tuning may not only affect the languages present
during that tuning process, but also any subsequently acquired
languages.
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In terms of behavioral evidence for differences in brain organ-
ization for language between monolinguals and early and late
bilinguals, two meta-analyses of the language laterality literature
have provided support for this view. One meta-analysis specifi-
cally compared behavioral outcomes from monolinguals and early
and late bilinguals; bilinguals were individually coded for age of
L2 acquisition (early, late), and level of L2 proficiency (proficient,
non-proficient), and only the first language of bilinguals that
matched the language of the monolinguals was assessed (Hull and
Vaid, 2006). The authors observed that late bilinguals and mono-
linguals showed left hemisphere language dominance, regard-
less of proficiency level, whereas early bilinguals demonstrated
bilateral involvement for language. Hull and Vaid suggested that
increased involvement of the right hemisphere in early bilinguals
could be a consequence of a relatively early need to recruit right
hemisphere pragmatic strategies, such as to facilitate understand-
ing of when and with whom to use one language versus the other
(Obler, 1981; Beeman and Chiarello, 1998; Boatman, 2004).

A second meta-analysis by Hull and Vaid (2007) focused spe-
cifically on disentangling laterality differences among early and
late bilinguals for both their languages. The outcomes replicated
Hull and Vaid (2007) by demonstrating reliable bilateral organiza-
tion in early bilinguals and left-lateralization in late bilinguals for
their first languages. In addition, lateralization within a particular
bilingual subgroup overlapped across first and second languages;
that is, both the L1 and L2 of early bilinguals were organized
bilaterally, and both the L1 and L2 of late bilinguals were left
hemisphere lateralized. Taken together, outcomes from these
meta-analyses point to differences in brain organization associ-
ated with differences in the number of languages experienced
during early development.

Based on these data, Hull and Vaid (2007) posited the anchor-
ing hypothesis, which argues that early exposure to two (or more)
languages necessitates recruitment of neural support bilaterally,
whereas single language exposure requires only left hemisphere pri-
ority. Moreover, the early establishment of the functional language
pattern “anchors” later-learned languages so that they display that
same pattern (presumably because they rely on the same neural sub-
strates that were specialized for early learned languages). As such, the
anchoring hypothesis concerning bilingual language organization is
consistent with experience-based accounts of perceptual tuning [e.g.,
the experientially mediated (Trainor, 2005) and neural commitment
(Kuhl et al., 2005b; Kuhl and Rivera-Gaxiola, 2008) hypotheses].

Several PET and fMRI studies have demonstrated converging
evidence for overlapping neural substrates supporting L1 and L2
in bilinguals, both at the single word (Chee et al., 1999; Illes et al.,
1999; Klein et al., 1999; Hernandez et al., 2000) and continuous
speech levels (Perani et al., 1996; Chee et al., 1999; Vingerhoets
etal., 2003; Briellmann et al., 2004 ). Because the lateralization of
languages has been shown to differ for early and late bilinguals,
but the patterns of L1 and L2 processing are nonetheless overlap-
ping within each bilingual subtype, these outcomes are consistent
with the notion that the functional specificity of the neural bases
of language remains static once they are established. Presumably,
such functional specificity is set up during the sensitive (or criti-
cal) period for language tuning.

At present, the bulk of existing evidence on language organiza-
tion in bilingual infants and adults suggests that the end result of
language tuning not only affects the neural organization of lan-
guages acquired during tuning but also any that may be acquired
later in life. Thus, it seems clear that language tuning may be
different for bilinguals and monolinguals, and this warrants a
revisiting of the theories that characterize the neural mechanisms
thought to underlie plasticity and neural specificity for language
function.

The experientially mediated hypothesis (Trainor, 2005) and the
neural commitment hypothesis (Kuhl et al., 2005b; Kuhl and Rivera-
Gaxiola, 2008) could explain differences in the timing of language
tuning, as some behavioral evidence with bilingual infants suggests
adelay in the completion of language tuning, presumably to accom-
modate additional language organization to ensure the integrity
of processing for multiple language systems. This position would
be consistent with behavioral and neurophysiological evidence for
reliable differences in adult bilingual laterality depending on age
of L2 acquisition. However, if bilingual infants complete tuning
for both languages at the same pace as their monolingual peers
complete tuning for a single language (as some behavioral studies
have suggested), the diversity of bilingual input may not complicate
organization after all. Although it remains for future studies with
bilingual infants to resolve this debate, it is clearly difficult to rec-
oncile the latter position with existing adult bilingual evidence or
with the experientially mediated and neural commitment accounts
of language tuning.

The self-termination of learning account would also suggest
that different neural connections are being forged for bilingual
compared to monolingual infants because of the differences in
their language experiences. This theory would account for the
differential language laterality observed in adult early bilinguals
compared with monolingual late bilinguals. In addition, this expla-
nation could account for differences in connection formation as
a function of differences in age of L2 acquisition. However, the
self-termination of learning could also be consistent with the idea
of a similar tuning timeline for bilingual and monolingual popu-
lations, in which case the generation of neural connections for
language tuning would be similar for single and multiple languages
(although this would be at odds with the adult neurophysiological
data). Therefore, in the context of the evidence presented here,
a sensitive period account of language tuning appears to better
explain the current data in the infant and adult bilingual litera-
tures, with the caveat that a reexamination of the sensitive period
explanation would be warranted if future research demonstrates
that bilinguals and monolinguals have comparably timed sched-
ules of language tuning.

SENSORY DEPRIVATION (DEAFNESS) IN INFANTS AND
CHILDREN

While the infant bilingual literature can be useful in addressing
how multiple language inputs may affect language tuning and
its neural bases, the language profile of deaf children who have
received cochlear implants (CI) may offer useful information
about how the absence of early auditory language input impacts
language tuning in the developing brain. That is, congenital
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deafness is a form of early sensory deprivation that can be later
reversed by cochlear implantation surgery. What cannot be
reversed, however, is the loss of early exposure, and this varies
depending on the age of implantation. Given that tuning to native
language phonemes in hearing infants requires auditory input
and appears to develop during a period of high brain plasticity
during infancy, the process of language tuning in children with
ClIs provides a unique opportunity to examine the boundary con-
ditions for auditory plasticity and what, if any, language tuning
takes place as a result.

Cochlear implants allow the recipient to experience auditory
language for the first time, and this new sensory input ultimately
results in neural reorganization to accommodate the perception
of sound. Specifically, nearby brain areas are recruited to accom-
modate the new function of hearing (e.g., Lee et al., 2001; see also
Desmond and Fiez, 1998; Recanzone, 2000, for related evidence
from animal models). Importantly, CI research has demonstrated
that cortical reorganization of the auditory cortex permits this
region to adapt to the relatively limited frequency range pro-
duced by the CI, allowing for successful perception of even highly
complex auditory stimuli (Shepherd et al., 1997). However, we
are currently unaware whether the cortical reorganization during
childhood cochlear implantation mimics that of infant language
tuning.

The current literature focused on child CI users has identi-
fied several factors that influence the development of speech
and language skills in a deaf child who is hearing through an
implant. Unsurprisingly, evidence is accumulating that it is criti-
cal for the implantation to take place as early in development
as possible (i.e., before 4 years of age). This allows the child to
capitalize on the greater brain plasticity of that developmental
period, thereby setting up the best conditions for normal audi-
tory neural networks to emerge (Lee et al., 2001, 2007; Kang
etal., 2004). Lee et al. (2001) used PET to show that by 7 years
of age, cortical organization was significantly different from
that of younger children, and this finding was corroborated
by a converging paradigm (cortical auditory evoked potentials;
Sharma et al., 2002). Later, Lee et al. (2007) and Kang et al.
(2004) further narrowed the optimal window by establishing
that post-implantation speech perception scores improved when
implantation occurred before 4 years of age. More specifically,
children who received a CI before the age of four performed best
on sentence recognition tasks, whereas those implanted between
4 and 7 years of age showed a wide range of performance on
this task; after age seven, implant recipients generally achieved
low scores (Sharma et al., 2009).

However, as CI surgeries are performed on younger and younger
patients we will be able to comment on how different durations of
sensory deprivation affect language learning, and tuning. At least
one recent behavioral study indicated that when testing infants
with 1-2 months of initial CI use, infants that ranged between 4
and 10 months of age preferred their native language (Hebrew)
compared with English (Kishon-Rabin et al., 2010). This timeline
mirrors that seen for normal-hearing infants and corroborates the
view that, with very early intervention, tuning may not be impacted
(at least at the behavioral level).

Although the data from behavioral, PET, and EEG studies
are helpful in providing evidence that the target period for nor-
mal language development via a CI following auditory depriva-
tion ends by 4 years of age (Gordon et al., 2005; Dorman et al.,
2007), it is generally quite difficult to obtain neurophysiological
measurements from very young children using these techniques.
Moreover, fMRI cannot be used in CI patients because the devices
are incompatible with the scanner’s magnetic field. However,
the NIRS technique allows measurement of blood-oxygen level
dependent changes in cortical activity, similar to fMRI, without
interference with the implant. Indeed, NIRS evidence regarding
language development has already been used to study the bilat-
eral temporal responses of pediatric CI recipients to language.

Sevy et al. (2010) tested CI children (mean age 7.8 years, n=7)
on the same day they received their implants, providing a unique
opportunity to observe how the untrained auditory cortex responds
to its first exposure to sound. The results revealed significant
hemodynamic responses to speech stimuli in the majority of deaf
children, and the volume of hemodynamic response was not signifi-
cantly different from that of hearing controls (mean age 10.2 years,
n=9). However, the majority of deaf children with a new CI showed
a unilateral hemodynamic response to the auditory stimuli, and
that response was most often ipsilateral to the location of the CI
(typically in the right hemisphere). Once the children had at least
6 months of experience with their CI, responses to the auditory
stimuli were predominantly bilateral and the unilateral responses
that remained were most likely to be contralateral to the CI. These
findings provide an initial glimpse into the boundaries for plastic-
ity in congenitally deaf children whose deafness is subsequently
ameliorated with a CI.

While this is the first study to use NIRS with this population, the
Sevyetal. (2010) results demonstrate that NIRS can safely measure
cortical responses in pediatric implant users, thereby establish-
ing NIRS as a valuable tool for investigating the neural bases of
language tuning and development in this special population. This
application of NIRS promises to expand our understanding of the
boundary conditions for development of normal auditory process-
ing and of the likely neural mechanisms involved in perceptual
tuning in general, and language tuning in particular. Thus, NIRS
and other converging neurophysiological paradigms may further
elucidate how sensory deprivation impacts auditory brain devel-
opment in children (Neville and Bavelier, 2002; Kang et al., 2004;
Giley et al., 2008).

CONCLUSION AND SYNTHESIS

Traditionally, researchers have discussed language tuning in terms
of a critical, or sensitive, period (Werker and Tees, 2005). These
terms identify language tuning as a phenomenon that is either
constrained by biological maturation of systems important to
language learning or as a period that capitalizes on the respon-
siveness of neural plasticity to language experience. In the context
of language tuning, the present review highlights the importance
of the differential role of experience (i.e., a child’s language pro-
file) in actively shaping the biological foundation for language
best characterize the extant data. Three theories that characterize
this aspect of the data particularly well are the self-termination of
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learning account (Thomas and Johnson, 2008), the experientially
mediated account (Trainor, 2005), and the neural commitment
hypothesis (Kuhl et al., 2005a).

Although these theoretical constructs offer valuable explanations
of the processes that drive perceptual tuning in general, they are
somewhat limited in terms of their ability to explain the range of
behavioral and neurophysiological data on language tuning. Based
on the synthesis of data presented here, it appears that language
tuning may be comprised of staggered, nested components that may
tune at different times (Werker and Tees, 2005). Thus, a more specific
means of reconciling these data can be encompassed with a supple-
mentary explanation, namely, the relative speed of tuning hypothesis.
Specifically, the relative speed of tuning hypothesis predicts that,
within the maturational window that clearly exists for native-like
language learning, the more transparent, obvious elements of lan-
guage may tune faster than more opaque, ambiguous elements of
language. We anticipate that this hypothesis will be especially useful
in accounting for conflicting data within the literature, as it allows
researchers to break the tuning process down based on the specific
factors that influence tuning rate as measured using behavioral and
neurophysiological paradigms. In particular, this approach has the
potential to account for the impact of the in utero language profile,
the characteristics of both heterogeneous and homogenous language
profiles during infancy and childhood, and the roles of age and
sensory deprivation on language tuning. Our hypothesis gives rise
to several predictions, some of which are supported by the current
data and others that will require further investigation.

First, the relative speed of tuning hypothesis predicts that behav-
ioral testing with transparent, relatively easy tasks should demon-
strate evidence of tuning in younger populations than those with
more complicated, opaque tasks. For example, use of a categoriza-
tion paradigm may demonstrate behavioral evidence of tuning ear-
lier than a discrimination paradigm, due to the relative difficulties
of these tasks (Bosch and Sebastian-Galles, 2003; Albareda-Castellot
etal.,2011). And this should also be the case for neurophysiological
paradigms, where evidence of language tuning should be observed
earlier given tasks that tap into elements of language that tune
early themselves. For example, an experimental design contrast-
ing native and non-native languages of a different rhythmic class
should demonstrate neural indicators of language tuning earlier
than a task contrasting native and non-native languages within the
same rhythmic class.

A further prediction is that “robust,” or cue-filled, sentence-level
speech stimuli will elicit indicators of language tuning sooner than,
for example, filtered speech (in which phonetic cues are removed)
or contrast-level stimuli (in which only a fraction of the original
speech stimulus is retained). This is borne out by recent neuro-
physiological data, in which infants showed initial neural evidence
of tuning to word-level contrasts at 11 months (Minagawa-Kawai
et al., 2007), while showing evidence of tuning to sentence-level
stimuli at 4 months (Minagawa-Kawai et al., 2011a). Thus, evidence
of language tuning — that is, a more left-lateralized hemodynamic
response for native compared to non-native speech —was elicited in
ayounger group of infants given more robust stimuli. Our hypoth-
esis also accounts for data from studies comparing infants’ ability
to discriminate phonemes from more or less populated phonemic

space in which discrimination is better for phonemes from sparsely
populated phonemic space relative to those from dense phonemic
space (Burns et al., 2007; Sumner et al., 2008).

Some cues may be more robust than others given different lan-
guage profiles. For example, ambiguity due to changes in speaker
appears to be less influential to language tuning in bilingually
exposed infant than do the relative frequency of phonetic con-
trasts across the ambient languages (Sebastian-Galles and Bosch,
2009). Since the relative speed of tuning hypothesis predicts that
linguistic elements that are more robust and transparent will elicit
earlier tuning than will weaker or more complex elements, different
predictions emerge for bilingual relative to monolingual profiles.
For example, where May et al. (under review) utilized speech stimuli
that were essentially only prosodic in nature (i.e., low-pass filtered)
and failed to obtain neural indicators of discrimination between
native and non-native forms in monolingual neonates, bilingual
neonates were able to distinguish between these same stimuli in
a behavioral task (Byers-Heinlein et al., 2010). The relative speed
of tuning hypothesis would predict such a difference given the
different language profiles of the two groups of infants. Although
unavailable from these studies, one can imagine that the full com-
plement of data (e.g., monolingual and bilingual infants tested with
the same stimuli using both behavioral and neurophysiological
measures) would further support this outcome. The influence of
these and other factors require further investigation to determine
their relative impact on rate of language tuning.

Finally, the relative speed of tuning hypothesis can also account
for data from populations deprived of sensory information, such as
cochlear implant users. For these individuals, some of whom receive
auditory input only after their system has undergone language tun-
ing without it, we predict that tuning would occur more quickly for
more robust aspects of the auditory signal that can be integrated
with the greatest ease (e.g., phonemes that are clearly mapped to
the visual signal, such as bilabial stops, or prosodic contours that
easily map to, for example, vocal aperture or facial prosody). Again,
such research will further inform the field.

In sum, given different language profiles, the relative speed of
language tuning hypothesis provides a flexible way of framing the
complex and sometimes contradictory behavioral and neurophysi-
ological literature. Of course, this hypothesis is only one of several
trying to account for the diverse data on language tuning. This
review highlights the need for converging evidence from a variety
of experimental designs, linguistic stimuli, and imaging modalities
and neurophysiological methods to demonstrate reliable evidence
of language tuning and to resolve some of the current inconsist-
encies across studies and language profiles. It is possible that evi-
dence (both neural and behavioral) of language tuning will emerge
from increased use of ecologically valid, sentence-level stimuli (as
opposed to single syllable and pseudoword stimuli). Because the
majority of neurophysiological data on early language development
have been obtained from monolingually exposed infants, it will
also be important for future studies to investigate the influences of
different language profiles on the neural mechanisms that support
language tuning. Nonetheless, the present review makes clear that
the extant literature offers an important guide for future explora-
tion of the basis of the language tuning process.
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