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We report brain electrophysiological responses from 10- to 13-month-old Mexican infants while listening to native and foreign
CV-syllable contrasts differing in Voice Onset Time (VOT). All infants showed normal auditory event-related potential (ERP)
components. Our analyses showed ERP evidence that Mexican infants are capable of discriminating their native sounds as well
as the acoustically salient (aspiration) foreign contrast. The study showed that experience with native language influences VOT
perception in Spanish learning infants. The acoustic salience of aspiration is perceived by both Spanish and English learning
infants, but exposure provides additional phonetic status to this native-language feature for English learning infants. The effects of

early experience and neural commitment as well as the impact of acoustic salience are further discussed.

1. Introduction

There is a robust corpus of behavioral studies showing that,
at a young age, infants discriminate phonetic contrasts from
different languages of the world (e.g., [1-4]). The capacity
of infants to acquire linguistic information from their native
language is well established, but the mechanisms—neural
or other—underlying the plasticity of the infant brain as
well as the impact of linguistic exposure on acquisition
are not well understood. In fact, the behavioral literature
documents developmental changes for infants in various
linguistic environments, but to our knowledge no data have
been reported regarding cross-linguistic speech perception
and its neural correlates in normally developing Spanish
learning Mexican infants, more specifically comparing their
neural responses to those of infants of the same age using
the same phonetic stimuli, but learning English. Our goal
in the present study was to enhance our understanding of
how exposure to the phonetic units of a particular language,
as well as acoustic salience, differentially affects the type
and timing of neural responses to phonetic units early in

development and how these relate to neural plasticity and
neural commitment.

It is accepted that infants aged 6-8 months discriminate
most native and foreign consonant differences at a similar
behavioral level [5-7]. For vowels, the effects of language
experience are already present at this age [8]. By 10-12
months of age linguistic experience affects the perception of
consonants; there is a decline in the ability to discriminate
foreign consonant contrasts [5-7, 9-14], and more recent
reports have also demonstrated that perception of native-
language phonetic consonants increases significantly at these
ages [7, 15]. More specific to the present study, Eilers
and her colleagues [16] reported in a cross-linguistic study
that Spanish-learning 6-8-month-old infants were capable
of discriminating both an English and a Spanish voicing
contrast, whilst infants the same age but acquiring English
could only overtly respond to the English contrast. Eilers and
collaborators suggested that specific auditory experience was
important in the discrimination of the Spanish contrast, but
that the English contrast contains other acoustic information
(aspiration) that makes it easier to discriminate, even in the



absence of specific exposure. In other words, FEilers et al. [16]
argued that the English contrast was relatively unaffected
by linguistic history, because of it acoustic salience [16].
However, the study was criticized based on methodological
issues [17].

Both the discriminatory capacities as well as the
enhancement in native-language phonetic discrimination
have been demonstrated using neural responses [18-24].
Neural responses, such as the recording of event-related
potentials (ERPs), provide a continuous record of brain
activity during the time period in which the cognitive
processes under investigation actually occur. ERPs are part of
the voltage changes within the electroencephalogram (EEG)
that are related to the brain’s response to specific events.
In other words, ERPs are the brain voltage changes time-
locked to the presentation of some external (presentation of
a stimulus, e.g.) or internal (decision making, e.g.) event.
The waveforms’ deflections are typically classified according
to polarity (Positive or Negative), sequence (first positive
peak, etc.), and latency (time window in ms where a peak
occurs, e.g.). Different ERP patterns recorded during speech
processing may reflect different levels of representation or
information processing [25].

Of particular interest to the present report are the
findings of Rivera-Gaxiola and collaborators [19] describing
auditory brain potentials to native and foreign contrasts in a
longitudinal study where American infants learning English
were tested at 7 and 11 months of age. In that study, using
CV-syllables differing in VOT, ERP group differences at 7
and 11 months of age mirrored the behavioral literature
regarding perception of native and foreign contrasts [5—
7, 12]. More specifically, at 7 months of age, infants
showed evidence of neural discrimination to both Spanish
and English contrasts, whilst at 11 months of age, ERP
group data showed no evidence of discrimination to the
foreign (Spanish) contrast and an enhancement of neural
discrimination to the native (English) contrast. The authors
observed that neural discrimination at the group level was
represented by ERP amplitude differences in a negativity
occurring between 250 and 550 ms after syllable onset
(henceforth N250-550) but they also described differences
over an earlier, positive-going deflection occurring between
150 and 250 ms after stimulus onset when infants’ ERPs were
evaluated individually. While one group of infants showed a
larger P150-250 in response to both contrasts at 7 months,
the other group of infants showed a larger N250-550. When
evaluated at 11 months of age, the group that responded over
the P150-250 time window at 7 months of age remained
the same for the foreign contrast but changed to an N250—
550 response to the native contrast. On the other hand,
infants in the N250-550 responding group at 7 months
remained N250-550 responders to both types of contrasts at
11 months. The authors concluded that ERP group data may
underestimate individual discriminatory capacities and that
the brain remains capable of discriminating foreign contrasts
at 11 months of age; that is, there is no absolute “loss”
in sensitivity to the foreign contrast, as also shown by the
adult behavioral data [13, 26], and later buttressed by adult
electrophysiological data [27], and other reports on infants
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[6, 7]. Also, differences in polarity in ERPs to speech stimuli
during the first year of life have been widely documented
(18, 28-44], however, there is no current consensus about
what these different timing and polarity effects mean.

In a second study, Rivera-Gaxiola and collaborators [20]
replicated the patterns described earlier using the same
methods on a larger sample of 11-month-old monolingual
American infants. In this second study, the authors reported
that responding over the P150-250 time window (P-
response) or over the N250-550 time window (N-response)
to the foreign contrast at 11 months of age predicted
vocabulary production at 18, 22, 25, 27, and 30 months of
age. Infants displaying a “P-response” to the foreign contrast
produced significantly more words than infants showing an
“N-response” at the same ages. The authors conclude that
showing a “P-response” to the foreign contrast and an “N-
response” to the native contrast signifies more commitment
to their native language than displaying an “N-response”
to both contrasts (see [24, 45] for additional discussion).
Furthermore, in a scalp distribution analyses considering
7-, 11-, 15-, and 20-month-old infants, corroboration was
obtained by showing that the P150-250 and the N250-550
components also differ in scalp distribution [21]. Dehaene-
Lambertz and Gliga [46] have also reported that different
ERP components with different topographies can signal
different types of underlying neural processing (see [47] for
a review). In other words, in our studies, displaying an “N-
response” to both contrasts means that the infant is not
attending differentially to native language patterns and this in
turn affects later language development. A recent study with
bilingual infants learning Spanish and English showed that
the strength of ERP response to either language predicted
word production in that particular language 6 months later
[43].

The goal of the present study was to replicate, extend and
compare our previous developmental and cross-sectional
findings that combined electrophysiological measures
(namely, Event-Related Potentials) and a cross-language
approach. Do Mexican infants learning Spanish show
the same ERP differences observed in monolingual American
infants? We hypothesized that 10-13-month-old infants
learning Spanish in Mexico would show ERP discriminatory
evidence for both the native and foreign contrast types: as a
group, these infants would show early P150-250 differences
to the foreign contrast because of its acoustic salience,
and N250-550 differences to the Spanish contrast because
it is native to them. Using the exact same stimuli, and
following the exact same criteria as the Rivera-Gaxiola and
collaborators’ previous studies [19, 20], we also expected to
encounter a subgroup of infants responding with amplitude
differences over the P150-250 time window and another one
responding with amplitude differences at the N250-550 time
window to the foreign contrast.

2. Methods

2.1. Participants. Thirty five Mexican infants (20 boys/15
girls) aged 10-13 months (mean age = 11.5, range 10.10-
13.5 months) were recruited by word of mouth in two
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different cities in Mexico. All infants were acquiring Spanish
as their mother tongue and lived in monolingual households.
All infants recruited were born at term (>39 weeks), with
a normal birth weight (6-101bs.), and their mothers had
normal pregnancies and deliveries. Infants were reportedly
healthy at the time of recording. Parents signed UW ethics
committee-approved consent forms and procedures were
described in Spanish before testing. Mexican parents received
forms in Spanish and were paid $15 dollars for their
participation in the study.

Data from 18 of the Mexican infants (9 boys and 9
girls) were accepted for ERP analyses and are here reported.
Data from the remaining infants recruited and recorded were
eliminated due to a low number of artifact-free trials to
average (total number of trials = 1000, with 800 standards
and 200 deviants including native and foreign; minimum
number of deviant trials to be accepted for ERP analyses =
80).

2.2. Stimuli. The stimuli used in the present study were iden-
tical to those used in previous investigations with English
monolingual infants (see [19, 20] and Spanish/English bilin-
gual infants [43]. In brief, CV syllables naturally produced by
a Spanish/English bilingual female were used. The syllables
differed in the relative onset of voicing versus the syllable
burst, or voice-onset time (VOT), and included a phoneme
that was common to both languages, an unaspirated alveolar
voiceless /ta/ (heard as “da” by native English speakers and
heard as “ta” by Spanish native speakers; VOT = 12 ms),
a voicing-lead dental /da/ (heard as “da” by Spanish and
English native speakers; VOT = —24ms), and a voiceless
aspirated alveolar English /t"a/ (heard as “ta” by English
and Spanish speakers; VOT = 46 ms). Syllables were equal
in duration (229.65 + 0.3 ms), intensity, average root mean
square power, and vowel color. The fundamental frequency
was 180 Hz.

Behavioral discrimination of the experimental stimuli
was tested using the active oddball paradigm in adult
native speakers of English and in adult native speakers of
Spanish. The repeated standard was the unaspirated alveolar
voiceless sound common to both languages. Adult native
English speakers scored 90% correct when the comparison
was the English voiceless aspirated /t"a/ and 7% when the
comparison was the Spanish voiced /da/. In contrast, native
adult Spanish speakers scored 85% correct on the /t"a/ and
98% correct on the Spanish /da/. Native Spanish speakers
reported that the English voiceless aspirated /t"a/ was a
“strange” form of /ta/. Syllables were tested beforehand to
ensure goodness of the English /da/ and /t"a/ in English
speakers and goodness of the /ta/ and /da/ in Spanish
speakers. The syllables selected were equally good: native
English and native Spanish speakers rated their native
syllables with “best” labels from a selection of “poor”, “fair”,
“ambiguous”, “good”, and “best” options. Native Spanish
speakers considered the aspirated English /t"a/ as “poor.”
Head-turn behavioral studies in our laboratory show that
11-month-old American infants discriminate their native
contrast (/ta/-/tha/) at about 70 percent correct, well above

chance, and the foreign /da/-/ta/ near chance at about 53%
percent correct [48, 49].

2.3. Design. Participants were tested using the same double-
oddball paradigm used in our studies with English mono-
lingual infants and Spanish/English bilingual infants. The
voiceless unaspirated sound (Spanish /ta/; English /da/) was
used as the standard sound and it was presented 80% of the
time. The remaining two syllables were the deviants (Spanish
/da/ and English /ta/), each presented 10% of the time in a
semirandom fashion: no consecutive deviants occurred and
at least 3 standards occurred between deviants. The inter-
stimulus interval (offset to onset silence) was 700 ms. One
minute silences were inserted every ~2 minutes to allow for
interaction with the infant. The syllables were played by two
loudspeakers placed approximately 1 m in front of the child,
at 69 dBA SPL. EEG from all participants was recorded while
they were passively listening to the series of 1000 CV syllables.

2.4. Procedure. Infants were awake and sat on a high-chair
placed inside a silent room or on the parent/guardian’s
lap. The parent or guardian sat next to/with the child. A
research assistant was located in front of the infants and
entertained them with silent toys. In addition, a silent video
was presented on a TV monitor.

2.5. EEG Recording. The -electroencephalogram (EEG)
amplifier used was the isolated bioelectric amplifier system
(SC-16/24 BA; SA Instrumentation San Diego, CA). The EEG
was recorded using electrocaps (Electro Cap International)
with preinserted tin Ag/AgCl electrodes and referenced to
the left mastoid from Fpl, Fp2, F3, F4, C3, C4, P3, P4,
F7, F8, T3, T4, Fz, Cz, and the active right mastoid of the
10/20 International system. The vertical electro-oculogram
(VEOG) was recorded from 1 infra-orbital electrode placed
on the infant’s left upper cheek. The amplifier bandwidth
was set between 0.1 and 40 Hz. All electrode impedances
were kept homogeneous across sites and below 5 KQ. Signals
were amplified with a gain of 20000. EEG was sampled every
4ms. EEG segments of 700 ms with a prestimulus baseline
time of 100 ms were selected and averaged off-line to obtain
the ERPs. Baseline correction was performed in relation to
this prestimulus time. Further lowpass filtering was set at
15 Hz. Segments with large eye movements, blinks, or other
artifacts were automatically eliminated (electrical activity
exceeding +150 4V was considered artifact). ERP data were
accepted for analyses when at least 80 artifact-free trials
for each type of deviant and 80 of the standard could be
obtained. All ERPs accepted showed clear auditory P-N
complexes within the first 600 ms.

2.6. Data Analyses. Following Rivera-Gaxiola and collabora-
tors [19], the waveforms obtained were explored within three
time windows: N30-120 (negative deflection between 30 and
120 ms after stimulus onset), P150 and 250 (positive deflec-
tion between 150-250 ms after stimulus onset), and N250—
550 (negative deflection 250-550 ms after stimulus onset).
Peak amplitude values for standard preceding a deviant and
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FiGure 1: ERP pattern for the whole group (N = 18) to both the native and foreign contrasts. The group displays a significantly more
negative N250-550 to their native deviant and a significantly more positive P150-250 to the foreign deviant. Positive is plotted up.

deviant stimuli within each time window for each child
and condition were obtained and used to calculate three
independent three-way repeated-measures ANOVAs. The
factors included were condition: native contrast (standard
voiceless unaspirated versus deviant Spanish voiced /da/)
and foreign contrast (standard voiceless unaspirated versus
deviant voiceless aspirated /t"a/), lateral electrode position
(left and right), and anterior-posterior location (frontal-
polar, frontal, central, parietal, frontal-lateral, and temporal).
For simplicity purposes, the speech contrast relating the stan-
dard voiceless unaspirated sound and the deviant Spanish
voiced /da/ is referred to here as the native contrast. Also, the
speech contrast relating the standard voiceless unaspirated
sound and the deviant voiceless aspirated /t"a/ is referred to
here as the foreign contrast.

3. Results

3.1. Group Results. Data from 18 participants (9 girls) could
be included in the analyses (at least 80 artifact-free trials of
each and all types of syllables). ERPs from all of these showed
clear N30-120/P150-250/N250-550 complexes distributed
over frontal, central, parietal, and temporal recording sites.
The N30-120 was small but present, and not significantly
different across conditions.

At the group level, normally developing 10-13-month-
old Mexican infants learning Spanish displayed statistically
significant amplitude differences between standard and
deviant over the N250-500 time-window (N-response) for
the native contrast, F(1,17) = 629 P = 0.02, partial
n* = 0.270, and observed power = 0.658. The amplitude
differences between standard and deviant for the foreign
contrast over the N250-550 time window only approached

significance, F(1,17) = 4.0 P = 0.06, partial > = 0.191, and
observed power = 0.471. However, as a group, these infants
did show an important P150-250 peak amplitude difference
(P-response) between standard and deviant for the foreign
contrast [/ta/ versus /tha/], F(1,17) = 9.636, P = 0.007,
partial #? = 0.376, and observed power = 0.830, but not for
the native contrast [/ta/ versus /da/], F(1,17) = 1.370, P =
0.259, partial 2 = 0.079, and observed power = 0.196.

No left-right hemispheric differences were observed but
there was an anterior-posterior main effect at the group level,
with anterior amplitudes being larger than posterior ones,
P < 0.05 at both P150-250 and N250-550 time windows for
both conditions (Figure 1).

In order to obtain the same type of ERP information
as in our previous studies, we followed the criteria of
Rivera-Gaxiola and collaborators [19] and Rivera-Gaxiola
and collaborators [20] and examined infants’ ERP responses
individually. Precisely, infants were subdivided into two
groups according to the polarity and amplitude of the
individual auditory ERP components observed in the foreign
contrast condition. We have previously reported that the for-
eign contrast has important implications for later language
development [20, 24]

As stated previously, all infants showed larger N250-550
amplitude differences for the native contrast /ta/ versus /da/
and no amplitude difference in the P150-250 time range.
Therefore, the analyses given below are only for the foreign
contrast.

3.2. Sub Group Results (Foreign Contrast [English /t"a/
Deviant]). In this sample of Mexican infants, we observed
that 70% of the participants responded with larger peak
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TaBLE 1: Mean amplitude values (in V) and standard deviation at electrode location Cz to the foreign contrast /ta/ versus /t"a/.

P150-250 std /ta/

P150-250 dev /tha/

N250-550 std /ta/ N250-550 dev /t"a/

X =839+ 5.01
X =11.32 +10.76

P subgroup
N subgroup

X =11.42+5.84
X =14.75+15.78

X = —16.67 = 12.34
X = —-9.25+4.67

X =-277%9.95
X = —-10.23 = 5.68
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Ficure 2: ERP pattern for Group P (n = 11) for the foreign
contrast. These subjects respond over the P150-250 time window
by showing larger amplitudes to the deviant /t®a/ with respect to
the standard Spanish alveolar voiceless /ta/. Electrode locations Fz
and Cz are shown. Positive is plotted up.

amplitudes to the foreign /tha/ deviant with respect to the
standard over the P150-250 time-window (N = 11, 6 girls),
(see Table 1 for mean amplitude values over Cz for each type
of syllable and time-window); 30% showed peak amplitude
differences over the N250-550 only (N = 7 infants, 3 girls)
(see Table 1 for mean amplitude values over Cz). The first
group is the “P-response” subgroup and the second one the
“N-response subgroup.”

3.2.1. P-Response Subgroup Statistical Analyses. For this sub-
group of infants, the amplitude differences over the P150—
250 region were highly significant, F(1,10) = 29.307, P =
0.001, partial 4> = 0.746, and observed power = 0.988, but
not significant over the N250-550 time window (P > 0.05)
(Figure 2).

3.2.2. N-Response Subgroup Statistical Analyses. For these
infants, we found that the differences only approached
statistical significance, F(1,6) = 5.5, P = 0.058, partial #?> =
0.476, and observed power = 0.5, which could be explained
by the low number of infants (Figure 3).

Group N, foreign contrast N = 7
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FIGURE 3: ERP pattern for Group N, foreign contrast (n = 7). These
infants’ responses to the foreign contrast approached significance
over the N250-550 time window, with the deviant showing larger
amplitudes. Electrode locations Fz and Cz are shown. Positive is
plotted up.

Because the present study involved a double-oddball
paradigm where one oddball is foreign to Spanish speaking
infants and one is foreign to English learning infants,
an important part of the research presented here was to
compare the same paradigm and stimuli in both English
and Spanish learning infants. Table 2 presents a comparative
table showing the responses obtained in the present Mexican
sample and the ones previously reported for our American
11-month-old sample [19]; Table 2(a) shows group results,
and Table 2(b) shows P- and N-responders’ subgroups. At
the group level, the results mirror the behavioral literature,
but attention to individual variation supports the notion
that the brain continues to process acoustic differences
regardless of prior exposure. Both P- and N-responders show
significant differences to their native contrast over the N250—
550 time window.

4. Discussion and Conclusions

4.1. Group Results. In this study, we explored whether
Mexican infants acquiring Spanish showed a similar pattern
of ERP differences to native and nonnative phonetic con-
trasts that we observed previously when testing monolingual
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TaBLE 2: (a) Group Comparison between Spanish learning (Mexican) and English-learning (American) infants. (b) Mexican and American

P- and N-responders to Foreign Contrast Subgroups.

Contrast and
phonetic status

Group results
Mexican N = 18/American N = 28

ERP component P150-250
comparison

ERP component N250-550
comparison

Mexican infants /ta/versus [tha]

(this study) FOREIGN
American infants [ta/versus [tPa]
[20] NATIVE
Mexican infants [ta/versus/da/
(this study) NATIVE
American infants /ta/versus/da/
[20] FOREIGN

F(1,17) = 6.29, P = 0.02 NS

partial #? = 0.270, OP = 0.830

F(1,27) = 38.57, P = 0.001

N/S
partial 72 = 0.588, OP = 1.0
N/S F(1,17) =6.29, P = 0.02
partial #* = 0.270, OP = 0.658
N/S N/S

Sub group results

N . F i trast
Mexican N = 18/American N = 24 oretgh contras

P-responders N-responders

Mexican infants

h
(this study) /ta/ versus [t"a]

American infants

(20]
/ta/ versus /da/

F(1,10) = 29.307, F(1,6) =5.5,
P=0.001** P =0.058
partial 2 = 0.746, partial > = 0.476,
OP =0.988 OP=0.5
F(1,12) = 26.41, F(1,10) = 16.44,
P=0.001** P=0.001**
partoleg 2201%6705’ partial 7% = 0.558

American infants using the exact same stimuli and analysis
procedures [19-21]. We hypothesized that 10-13-month-
old infants acquiring Spanish in Mexico would show ERP
discriminatory evidence for both the native and foreign
VOT contrast types, one reflecting the acoustic salience of
the English lag contrast (seen in the early “P-response”)
and the other reflecting the status of the Spanish VOT
lead contrast as a phonemic contrast in the language (seen
in the “N-response”). Our hypotheses were corroborated.
Group results showed significant amplitude differences for
monolingual Spanish infants’ native /ta/-/da/ contrast over
the N250-550 time window. Rivera-Gaxiola, Silva-Pereyra,
and collaborators [20] reported that, at a group level, Amer-
ican 11-month-old infants also showed an “N-response”
for their native /da/ versus /tha/contrast. Moreover, the
sample of Mexican infants also clearly responded to the
foreign contrast /ta/ versus / tha/, with the amplitudes of the
P150-250 being significantly larger for the foreign deviant
aspirated /tPa/, than for the standard /ta/. These results
conformed to our hypotheses and also with the behavioral
literature that reports that Spanish learning 6-12-month-
old infants are able to respond to both the English and
Spanish contrasts, regardless of phonemic status [50]. We
hypothesize that the “P-response” observed in the majority
(70%) of Mexican infants to the foreign contrast is reflecting
acoustic discrimination of the English voicing contrast,
which involves aspiration, an acoustically salient cue for all
listeners, regardless of its phonetic status in their language.
In other words, despite the fact that the aspirated /t"a/ does

not have phonemic status in Spanish, inexperienced adults
are able to perceive the aspiration in the syllable. The data
presented here are consistent with our proposal that the “P-
response” may reflect a less specialized (and more universal)
form of detection of acoustic differences in speech contrasts.

It is also well known that there is a great deal of individual
biological variability across infants, and this variability is
meaningful in that it can predict future language abilities
[15, 19-21, 24, 43, 45, 51]. It is therefore worthwhile to
analyze individual ERPs. In the present work, we analyzed
peak amplitude values of the P150-250 and the N250-550
components resulting from the presentation of a standard
syllable and two different types of deviant syllables using
the exact same method employed in our previous reports
[19, 20]. We again observed that 10- to 13-month-old infants
vary in the neural responses they display to a foreign contrast.
When analyzing infants’ responses to the foreign contrast, we
observed a subgroup of infants who showed “P-responses”
and a subgroup that displayed “N-responses.”

4.2. Subgroup Results (Foreign Contrast). Our results show
that eleven out of 18 infants displayed qualitative amplitude
differences over the two time windows explored, though
the only significant difference occurred over the P150-
250 time window. The remaining 7 infants did not show
“P-responses” and approached significance for the “N-
response.” Rivera-Gaxiola and collaborators [19], showed
that all of the American infants responded over the N250-
550 time window for their native /da/ versus /ta/ contrast
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at 11 months of age; some responded over the P150-250
time window and some over the N250-550 time window
to the Spanish /ta/ versus /da/ foreign contrast. This pattern
observed for the Mexican sample in the present study mirrors
that seen in the American in the previous study, but for the
opposite speech contrast. In short, across the two studies, we
show that neural responses to native sounds at 11 months of
age occur over the N250-550 time window, whereas neural
discrimination to a foreign contrast can be reflected either as
a “P-response” or as an “N-response.”

Again, it is possible that the subgroup of infants with “N-
responses” to both the native and the foreign contrasts are
showing less native language neural commitment (NLNC,
[52], as they reflect similar neural analyses to the two types
of contrasts irrespective of the language status of those
contrasts [19]. In the subset of “N-response” children, the
strength of the “N-response” is smaller to the foreign than
to the native contrast. This result is similar to Cheour
and collaborators [18], who showed that a larger acoustical
difference evoked a small MMN if the status of the vowel
contrast was foreign. Displaying “N-responses” to a foreign
contrast does not appear to be advantageous in monolingual
language learning (see [24, 45] for discussion). In the Rivera-
Gaxiola and collaborators [20] report, the American infants
who showed the “P-response” to the foreign contrast later
scored higher in vocabulary and sentence complexity (18 to
30 months of age) compared to their N-responding peers.
Other behavioral [15, 48] and ERP data [24] also indicate
a negative correlation between the capacity to discriminate
foreign contrasts and concomitant word comprehension or
later word production/comprehension.

Given the nature of the paradigm used, we cannot
determine how the discriminatory responses observed in
the populations studied to date are connected to attentional
processes. We do not know what role the “P-response”
plays in infants’ behavioral discrimination responses to their
native contrast at 6—8 months of age, but not at 10-12. This
can only be explored using ERPs and behavioral methods
with the same infants at the same time. Kuhl et al. [15,
24] examined both behavioral measures and ERP measures
to native and foreign contrasts in the same infants at the
same age but in separate sessions and showed significant
correlations between an MMN-like difference waveform at
250-500 ms and performance in the behavioral task (Head-
Turn conditioning). In both cases, better discrimination of
the native contrast at 7.5 months predicted a more rapid
advance in the acquisition of words and sentences, whereas
better discrimination of the foreign contrast predicted a
slower advance toward the mastery of words and sentences.
Infants who showed an “N-response” to the foreign contrast
in the present study, like those who showed a strong MMN-
like difference waveform in Kuhl et al. [24] to the foreign
contrast, may be infants whose native language neural
commitment is not as advanced [52]. The presence of
two types of responders may vary not only with age and
exposure but also with the specific contrast involved. Cross-
linguistic and developmental studies allow us to explore and
understand which aspects of speech perception may hold for
all languages or cultures, and which depend on experience.

The fact that individual variation in the ERP responses
predicts differences in later language development indicates
that these differences are meaningful, and not simply “noise.”

In sum, across our studies, we have shown that the ERP
responses from infants being raised in different cultures—
English-learning, Spanish-learning, or both—are analogous
and depend on the native or foreign status of a speech
sound. For Spanish learners, the prevoiced /da/ is the
native deviant and the aspirated /tha/ is the foreign deviant,
whereas for English learners the reverse is true, yet the
infants responded similarly to their respective native and
foreign deviants. Our ERP evidence reveals that the infant
brain still responds to foreign sounds at 10-13 months of
age, but that the neural responses to foreign sounds are
weaker than to native sounds. Our results suggest that the
brain retains a capacity to discriminate small differences
in speech sounds regardless of prior exposure. Moreover,
our results indicate that the time-course, polarity, and later
language implications of the P150-250 and the N250-550
are different. These two electrophysiological components
together reflect how the brain is shaped by exposure to
a specific language. The “P-” and “N-responses” reported
here are related to both acoustic salience and the phonetic
status each deviant has for the infant depending on the
language of her environment. We propose that because P-
responders are allocating resources differentially depending
on the phonetic status of the contrast involved, they are more
committed to their native language and will advance more
rapidly in language acquisition, while the N-responders are
not distinguishing between what may be useful to attend to
(native contrast) and what not (nonnative contrast) at this
age, and therefore that their progression towards language
may proceed at a different pace.

Acknowledgments

The authors wish to acknowledge Denise Padden, Tobey
Nelson, Kathryn Norwood, Robin Cabaniss and Tim Knight
for technical support. Dra. Donna Jackson-Maldonado and
Dra. Rebeca Gaxiola for support in the Mexican data
collection at their labs. This work was supported by an NIH
grant (HD 37954) to PKK and the University of Washington’s
Institute for Learning and Brain Sciences and by an NSF
Science of Learning grant to the LIFE Center (SMA-0835854,
Kuhl, PI). An NIH Research Core Grant (P30 DC 04661)
supported participant costs.

References

[1] P. D. Eimas, E. R. Siqueland, P. Jusczyk, and ]. Vigorito,
“Speech perception in infants,” Science, vol. 171, no. 3968, pp.
303-306, 1971.

[2] P. D. Eimas, “Auditory and phonetic coding of the cues
for speech: discrimination of the [r-1] distinction by young
infants,” Perception and Psychophysics, vol. 18, no. 5, pp. 341—
347, 1975.

[3] D. B. Fry et al., “The identification and discrimination of

synthetic vowels,” Language and Speech, vol. 5, pp. 171-189,
1962.



(4]

(5]

(10

[11]

(12]

[13]

(14]

(15]

(20]

A. M. Liberman, E S. Cooper, D. P. Shankweiler, and M.
Studdert-Kennedy, “Perception of the speech code,” Psycholog-
ical Review, vol. 74, no. 6, pp. 431-461, 1967.

J. E. Werker and R. C. Tees, “Cross-language speech perception:
Evidence for perceptual reorganization during the first year of
life,” Infant Behavior and Development, vol. 7, no. 1, pp. 49-63,
1984.

P. K. Kuhl, E. Stevens, A. Hayashi, T. Deguchi, S. Kiritani,
and P. Iverson, “Infants show a facilitation effect for native
language phonetic perception between 6 and 12 months,”
Developmental Science, vol. 9, no. 2, pp. F13-F21, 2006.

E. M. Tsao, H. M. Liu, and P. K. Kuhl, “Perception of native and
non-native affricate-fricative contrasts: cross-language tests on
adults and infants,” Journal of the Acoustical Society of America,
vol. 120, no. 4, pp. 2285-2294, 2006.

P. K. Kuhl, K. A. Williams, F. Lacerda, K. N. Stevens, and B.
Lindblom, “Linguistic experience alters phonetic perception
in infants by 6 months of age,” Science, vol. 255, no. 5044, pp.
606—608, 1992.

C. C. Best and G. W. McRoberts, “Infant perception of non-
native consonant contrasts that adults assimilate in different
ways,” Language and Speech, vol. 46, no. 2-3, pp. 183-216,
2003.

C. T. Best, G. W. McRoberts, R. LaFleur, and J. Silver-Isenstadt,
“Divergent developmental patterns for infants’ perception
of two nonnative consonant contrasts,” Infant Behavior and
Development, vol. 18, no. 3, pp. 339-350, 1995.

T. Tsushima et al.,, “Discrimination of English /r-1/ and /w-
y/ by Japanese infants at 6-12 months: language-specific
developmental changes in speech perception abilities,” in
Proceedings of the 3rd International Conference on Spoken
Language Processing (ICSLP 9’4), pp. 1695-1698, Yokohama,
Japan, 1994.

J. E. Werker and R. C. Tees, “Developmental changes across
childhood in the perception of non-native speech sounds,”
Canadian Journal of Psychology, vol. 37, no. 2, pp. 278-286,
1983.

J. E. Werker and J. S. Logan, “Cross-language evidence for three
factors in speech perception,” Perception and Psychophysics,
vol. 37, no. 1, pp. 3544, 1985.

J. E. Werker and C. E. Lalonde, “Cross-language speech
perception: initial capabilities and developmental change,”
Developmental Psychology, vol. 24, no. 5, pp. 672—683, 1988.

P. K. Kuhl, “Early speech perception and later language
development: implications for the “Critical Period”)” Language
Learning and Development, vol. 1, no. 3-4, pp. 237-264, 2005.
R. E. Eilers, W. Gavin, and W. R. Wilson, “Linguistic expe-
rience and phonemic perception in infancy: a crosslinguistic
study,” Child Development, vol. 50, no. 1, pp. 14-18, 1979.

R. N. Aslin and D. B. Pisoni, “Effects of early linguistic
experience on speech discrimination by infants: a critique of
Eiler, Gavin, and Wilson (1979),” Child Development, vol. 51,
no. 1, pp. 107-112, 1980.

M. Cheour, R. Ceponiene, A. Lehtokoski et al., “Development
of language-specific phoneme representations in the infant
brain,” Nature Neuroscience, vol. 1, no. 5, pp. 351-353, 1998.
M. Rivera-Gaxiola, J. Silva-Pereyra, and P. K. Kuhl, “Brain
potentials to native and non-native speech contrasts in 7- and
11 -month-old American infants,” Developmental Science, vol.
8, no. 2, pp. 162-172, 2005.

M. Rivera-Gaxiola, L. Klarman, A. Garcia-Sierra, and P. K.
Kuhl, “Neural patterns to speech and vocabulary growth in
American infants,” NeuroReport, vol. 16, no. 5, pp. 495-498,
2005.

(21]

[24]

[31

ISRN Neurology

M. Rivera-Gaxiola, J. Silva-Pereyra, L. Klarman et al., “Princi-
pal component analyses and scalp distribution of the auditory
P150-250 and N250-550 to speech contrasts in Mexican and
American infants,” Developmental Neuropsychology, vol. 31,
no. 3, pp. 363-378, 2007.

K. Alho, K. Sainio, N. Sajaniemi, K. Reinikainen, and R. Naata-
nen, “Event-related brain potential of human newborns to
pitch change of an acoustic stimulus,” Electroencephalography
and Clinical Neurophysiology, vol. 77, no. 2, pp. 151-155, 1990.
R. Ceponiene, J. Hukki, M. Cheour et al., “Dysfunction of
the auditory cortex persists in infants with certain cleft types,”
Developmental Medicine and Child Neurology, vol. 42, no. 4,
pp. 258-265, 2000.

P. K. Kuhl, B. T. Conboy, S. Coffey-Corina, D. Padden,
M. Rivera-Gaxiola, and T. Nelson, “Phonetic learning as a
pathway to language: new data and native language magnet
theory expanded (NLM-e),” Philosophical Transactions of the
Royal Society B, vol. 363, no. 1493, pp. 979-1000, 2008.

M. Kutas, “Views on how the electrical activity that the
brain generates reflects the functions of different language
structures,” Psychophysiology, vol. 34, no. 4, pp. 383-398, 1997.
J. E. Werker and R. C. Tees, “Phonemic and phonetic factors
in adult cross-language speech perception,” Journal of the
Acoustical Society of America, vol. 75, no. 6, pp. 1866—1878,
1984.

M. Rivera-Gaxiola, G. Csibra, M. H. Johnson, and A.
Karmiloff-Smith, “Electrophysiological correlates of cross-
linguistic speech perception in native English speakers,”
Behavioural Brain Research, vol. 111, no. 1-2, pp. 13-23, 2000.
G. Dehaene-Lambertz and S. Dehaene, “Speed and cerebral
correlates of syllable discrimination in infants,” Nature, vol.
370, no. 6487, pp. 292-295, 1994.

G. Dehaene-Lambertz and S. Baillet, “A phonological repre-
sentation in the infant brain,” NeuroReport, vol. 9, no. 8, pp.
1885-1888, 1998.

G. Dehaene-Lambertz, E. Dupoux, and A. Gout, “Electro-
physiological correlates of phonological processing: a cross-
linguistic study,” Journal of Cognitive Neuroscience, vol. 12, no.
4, pp. 635-647, 2000.

D. Kurtzberg, P. L. Hilpert, J. A. Kreuzer, and H. G. Vaughan,
“Differential maturation of cortical auditory evoked potentials
to speech sounds in normal fullterm and very low-birthweight
infants,” Developmental Medicine and Child Neurology, vol. 26,
no. 4, pp. 466-475, 1984.

G. P. Novak, D. Kurtzberg, J. A. Kreuzer, and H. G. Vaughan,
“Cortical responses to speech sounds and their formants in
normal infants: maturational sequence and spatiotemporal
analysis,” Electroencephalography and Clinical Neurophysiol-
o0gy, vol. 73, no. 4, pp. 295-305, 1989.

E. Pihko, P. H. T. Leppidnen, K. M. Eklund, M. Cheour, T.
K. Guttorm, and H. Lyytinen, “Cortical responses of infants
with and without a genetic risk for dyslexia—I. Age effects,”
NeuroReport, vol. 10, no. 5, pp. 901-905, 1999.

M. Cheour-Luhtanen, K. Alho, T. Kujala et al., “Mismatch neg-
ativity indicates vowel discrimination in newborns,” Hearing
Research, vol. 82, no. 1, pp. 53-58, 1995.

E. Kushnerenko, M. Cheour, R. Ceponiene et al., “Central
auditory processing of durational changes in complex speech
patterns by newborns: an event-related brain potential study,”
Developmental Neuropsychology, vol. 19, no. 1, pp. 83-97,
2001.



ISRN Neurology

(36]

(38]

(39]

R. éeponien, K. Yaguchi, A. Shestakova, P. Alku, K. Suominen,
and R. Nditdnen, “Sound complexity and “speechness” effects
on pre-attentive auditory discrimination in children,” Interna-
tional Journal of Psychophysiology, vol. 43, no. 3, pp. 199-211,
2002.

E. W. Pang, G. E. Edmonds, R. Desjardins, S. C. Khan, L.
J. Trainor, and M. J. Taylor, “Mismatch negativity to speech
stimuli in 8-month-old infants and adults,” International
Journal of Psychophysiology, vol. 29, no. 2, pp. 227-236, 1998.
A. D. Friederici, M. Friedrich, and A. Christophe, “Brain
responses in 4-month-old infants are already language spe-
cific,” Current Biology, vol. 17, no. 14, pp. 1208-1211, 2007.
A. D. Friederici, M. Friedrich, and C. Weber, “Neural mani-
festation of cognitive and precognitive mismatch detection in
early infancy,” NeuroReport, vol. 13, no. 10, pp. 1251-1254,
2002.

M. Friedrich, B. Herold, and A. D. Friederici, “ERP correlates
of processing native and non-native language word stress in
infants with different language outcomes,” Cortex, vol. 45, no.
5, pp. 662-676, 2009.

C. He, L. Hotson, and L. J. Trainor, “Mismatch responses
to pitch changes in early infancy,” Journal of Cognitive
Neuroscience, vol. 19, no. 5, pp- 878-892, 2007.

M. L. Morr, V. L. Shafer, J. A. Kreuzer, and D. Kurtzberg,
“Maturation of mismatch negativity in typically developing
infants and preschool children,” Ear and Hearing, vol. 23, no.
2, pp. 118-136, 2002.

A. Garcia-Sierra, M. Rivera-Gaxiola, C. R. Percaccio et al.,
“Bilingual language learning: an ERP study relating early
brain responses to speech, language input, and later word
production,” Journal of Phonetics, vol. 39, no. 4, pp. 546-557,
2011.

V. L. Shafer, Y. H. Yu, and H. Datta, “The development
of English vowel perception in monolingual and bilingual
infants: neurophysiological correlates,” Journal of Phonetics,
vol. 39, no. 4, pp. 527-545, 2011.

P. Kuhl and M. Rivera-Gaxiola, “Neural substrates of language
acquisition,” Annual Review of Neuroscience, vol. 31, pp. 511—
534, 2008.

G. Dehaene-Lambertz and T. Gliga, “Common neural basis
for phoneme processing in infants and adults,” Journal of
Cognitive Neuroscience, vol. 16, no. 8, pp. 1375-1387, 2004.

L. Y. Deouell, “The frontal generator of the mismatch
negativity revisited,” Journal of Psychophysiology, vol. 21, no.
3-4, pp. 188-203, 2007.

B. Conboy, M. Rivera-Gaxiola, L. Klarman, E. Aksoylu, and P.
K. Kuhl, “Associations between native and nonnative speech
sound discrimination and language development at the end
of the first year,” in Proceedings of the 29th Boston University
Conference on Language Development, 2005.

B. T. Conboy, J. A. Sommerville, and P. K. Kuhl, “Cognitive
control factors in speech perception at 11 months,” Develop-
mental Psychology, vol. 44, no. 5, pp. 1505-1512, 2008.

R. E. Lasky, A. Syrdal-Lasky, and R. E. Klein, “VOT discrimina-
tion by four to six and a half month old infants from Spanish
environments,” Journal of Experimental Child Psychology, vol.
20, no. 2, pp. 215-225, 1975.

FE. M. Tsao, H. M. Liu, and P. K. Kuhl, “Speech perception in
infancy predicts language development in the second year of
life: a longitudinal study,” Child Development, vol. 75, no. 4,
pp. 1067-1084, 2004.

[52] P. K. Kuhl, “Early language acquisition: cracking the speech

code,” Nature Reviews Neuroscience, vol. 5, no. 11, pp. 831-
843, 2004.



