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Linguistic experience affects speech perception from early infancy, as
previously evidenced by behavioral and brain measures. Current
research focuses on whether linguistic effects on speech perception
can be observed at an earlier stage in the neural processing of speech
(i.e., auditory brainstem). Brainstem responses reflect rapid, automatic, and preattentive encoding of sounds. Positive experiential
effects have been reported by examining the frequency-following
response (FFR) component of the complex auditory brainstem
response (cABR) in response to sustained high-energy periodic
portions of speech sounds (vowels and lexical tones). The current
study expands the existing literature by examining the cABR onset
component in response to transient and low-energy portions of
speech (consonants), employing simultaneous magnetoencephalography (MEG) in addition to electroencephalography (EEG), which
provide complementary source information on cABR. Utilizing a
cross-cultural design, we behaviorally measured perceptual responses to consonants in native Spanish- and English-speaking
adults, in addition to cABR. Brain and behavioral relations were
examined. Results replicated previous behavioral differences between language groups and further showed that individual consonant perception is strongly associated with EEG-cABR onset peak
latency. MEG-cABR source analysis of the onset peaks complimented
the EEG-cABR results by demonstrating subcortical sources for both
peaks, with no group differences in peak locations. Current results
demonstrate a brainstem–perception relation and show that the effects of linguistic experience on speech perception can be observed
at the brainstem level.
speech perception

11 mo of age were observed to be significantly reduced compared
with MMRs observed at 7 mo age (15).
The current study set out to examine whether the effects of linguistic experience on consonant perception already manifest at a
deeper and earlier stage than the cortex, namely, at the level of
auditory brainstem. The auditory brainstem encodes acoustic information and relays them to the auditory cortex. Its activity can be
recorded noninvasively at the scalp using a simple setup of three
electroencephalographic (EEG) electrodes (16). Using extremely
brief stimuli such as clicks or tone pips, the auditory brainstem response (ABR) can be elicited and has been used clinically to assess
the integrity of the auditory pathway (17). More recently, researchers began recording auditory brainstem responses to complex
sounds, such as speech and musical tones [i.e., complex ABR
(cABR)] with the same EEG setup (18). The cABR consists of an
onset component (onset) and a frequency-following response
(FFR) component (19). The onset reflects the encoding of transient
changes in the signal (e.g., the consonant) while the FFR reflects
the brainstem’s tracking of sustained periodic information (i.e.,
fundamental frequency and higher harmonics in vowels and tones)
(20). Thus far, most studies have focused on the FFR to vocalic
portions of speech sounds, which contain high levels of acoustic
energy (e.g., lexical tones and vowels). Early language experience
has been observed to enhance FFR to lexical tones and vowels
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Early linguistic experience affects perception and cortical processing of speech, even in infants. The current study examined
whether linguistic effects extend to brainstem speech encoding, where responses are rapid, automatic, and preattentive.
We focused on transient consonants and measured perception
behaviorally and the corresponding complex auditory brainstem response (cABR) onset using simultaneous electroencephalography/magnetoencephalography (EEG/MEG) in native
Spanish and English speakers. We demonstrate that the latency of an EEG-cABR onset peak predicts consonant perception and that the perception differs according to language
background. MEG-cABR analysis demonstrates deep sources
for the onset, providing complimentary support for a brainstem origin. Effects of early linguistic experience on speech
perception can be observed at the earlier stage of speech
encoding at the brainstem.
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arly language experience profoundly affects how speech
sounds are perceived throughout life (1). Transient consonants present the most challenging and intriguing case as their
perception relies on neural encoding and processing of extremely
brief, highly dynamic, and yet often weak acoustic signals. The
smallest change in the signal (e.g., a few milliseconds increase in a
pause) at a critical point in the stimulus can result in a drastic
change in perception (e.g., from “bat” to “pat”), a phenomenon
referred to as “categorical perception” (CP) for speech perception
(2). For decades, research has repeatedly demonstrated that these
critical positions for acoustic change (i.e., categorical boundaries)
differ for speakers of different language backgrounds (3–6).
The influence of linguistic experience begins very early in
development (7). A rich literature has documented that by 12-mo
of age, infants’ ability to discriminate nonnative consonants already begins to decline while the ability to discriminate native
consonants improves (8–10). For adults, discrimination of nonnative consonants remains far from “native-like,” even after periods of intensive training (11–13).
Research focusing on the cortical level of neural processing
has found evidence to corroborate perceptual data. For example,
the mismatch response (MMR), indexing neural sensitivity to
speech sound changes at the cortical level, has been observed to
be larger in speakers of a language in which the speech contrast
is native than in speakers of a language in which the contrast was
nonnative (14). In infants, MMRs to nonnative contrasts at
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placed in accordance with cABR recording conventions (CZ,
ground on forehead and reference on right ear lobe). Recordings
were done while participants were sitting under the MEG dewar
watching silent videos. The stimuli were presented in alternating
polarities through insert earphones (Materials and Methods).
Individuals who were selected for MEG/EEG recordings and
completed successful MEG/EEG recordings were included in the
analysis: fourteen monolingual English speakers and fifteen native
Spanish speakers. The two groups did not differ in their music
training background (subject details in Materials and Methods).
The MEG/EEG data were preprocessed, filtered, and averaged (across trials and then blocks) to increase the signal-tonoise ratio. The cABR responses were extracted for each participant in both the EEG and the MEG channels (details in
Materials and Methods). In Fig. 2 B–D, an example from an individual’s recording for both MEG and EEG is shown to demonstrate the data quality and also that the brainstem responses
can be observed on multiple MEG channels. In Fig. 2E, dipole
analysis from one example individual with existing MRI shows
MEG onset peaks are indeed localized to subcortical sources.
To address our research questions, two analyses were done on
the EEG-cABR data: (i) the onset peaks of EEG-cABR (magnitudes and latencies) corresponding to the stop consonant (peak I
for initial noise burst and peak II for voice onset, Fig. 3) were
compared between the two groups with different linguistic backgrounds. We hypothesized that because VOT is a timing cue, a
group difference would likely lie in the latency of response. (ii) The
onset peaks in EEG-cABR were examined in relation to individuals’ behavioral results on p10 perception (Fig. 4). In addition,
source information for the peaks (Fig. 5A) was provided through
the equivalent current dipole (ECD) analyses on the MEG-cABR
data. Dipole locations for both peaks were compared between
groups (Fig. 5B). We expected deep sources for both peaks (in
support of EEG brainstem response) for both groups and that the
dipole source locations would not differ between groups.

A

B

Fig. 1. Categorical perception of bilabial stop consonants on a VOT continuum in monolingual English speakers (black) and native Spanish speakers (red)
from the final sample. (A) Data from the identification task. Shaded area for
stimulus with +10 ms VOT (p10), highlights the range of behavior across the
two groups. (B) Data from the discrimination task. Shaded area for stimulus
pair (0/+10 ms VOT) highlights the range of behavior across the two groups.
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(21–23). Similarly, researchers have demonstrated that early music
training experience enhances adults’ FFR to nonnative lexical
tones (24–26). To date, only one study examines directly the relations between vowel perception and the FFR component, suggesting that FFRs to vowels reflect the acoustic signal of the
vowels, rather than the perception of them (27). However, the
underlying source of FFR remains a topic of active debate (19, 28).
To examine transient consonant encoding at the brainstem
level, we differed from previous studies and focused on the onset
component of cABR as a function of perception and linguistic
experience. This approach allows us to address several important
gaps in the literature and therefore can advance our theoretical
understanding of the effects of linguistic experience on speech
perception, reflected deep at the brainstem level. First, we increased the confidence that any effects observed in the current
study are predominantly subcortical in nature through two means:
(i) by examining the EEG-cABR onset to transient stop consonants (<20 ms) and (ii) by using simultaneous magnetoencephalography (MEG)/EEG recordings. The early nature of the
onset response ensures a predominant subcortical source. Simultaneous MEG recordings complimented the EEG-cABR by providing source information for the onset peaks. Dipole modeling
methods revealed subcortical sources for the onset peaks, corroborating previous research (19) and supporting a brainstem
origin for the EEG-cABR onset. Second, by gathering both perception data and cABR from the same individual, the current
study is able to examine the brainstem–perception relation.
Specifically, we tested two hypotheses that (i) individuals’ EEGcABR onset in response to consonants is related to their perception
of the sounds, and (ii) both the EEG-cABR onset and perception
are affected by listeners’ language background. Further, using simultaneously measured MEG-cABR, we provide complimentary
information to EEG-cABR regarding the sources of the onset peaks.
Monolingual English speaking adults (n = 29) and native
Spanish speaking adults (n = 20) were recruited to first complete
computer-based identification and discrimination tasks to assess
their categorical perception of bilabial stop consonants varying
on the voice-onset-time (VOT) continuum (for details see Materials and Methods). The VOT continuum ranged from −30 ms
to +30 ms in 10-ms increments. In the identification task, participants judged whether the speech sound is /ba/ or /pa/ through
speeded key presses. The percent identification of a sound on the
continuum as /pa/ is calculated as the outcome measure. In the
discrimination task, participants judged whether two speech
sounds were the same or different. The sensitivity indices (d′) for
pairs of adjacent sounds along the continuum were calculated as
the outcome measure to minimize response bias (29). In line with
previous research, monolingual English speakers demonstrated
significantly different categorical perception for the VOT continuum compared with native Spanish speakers (Fig. 1 and SI Appendix, Fig. S1). Even though the language background in the
native Spanish speaker group is much wider in range (SI Appendix,
Table S1), the categorical perception was more variable in English
speakers, as the VOT cue is not the only and may not be the
predominant cue for the voiced-voiceless (/b/-/p/) contrast in some
English speakers (e.g., aspiration) (30). To maximize the detection
of differences at the brainstem level, we selected participants
whose perception results suggested strong weighting of the VOT
cue for further MEG/EEG recording. The selection criteria were:
(i) strong evidence of a category boundary from the identification
or discrimination task and (ii) a phonetic boundary aligned with
previous studies (< +10 ms for native Spanish speakers and >
+10 ms for monolingual English speakers).
In the simultaneous MEG/EEG recording sessions, participants’ brainstem response to the stimulus with +10 ms VOT
(p10 from here on, Fig. 2A), where maximal difference in perception between groups was observed, was recorded in two
blocks (3,000 trials per block). Three EEG electrodes were
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Fig. 2. (A) Waveform of the p10 stimulus. Shaded area represents the stop
consonant portion. (B) MEG channel distribution with the EEG-CZ channel. (C)
cABR to the p10 stimulus from one representative MEG channel from one
individual. Shaded area corresponds to the onset component to the stop
consonant. (D) cABR to the same stimulus simultaneously recorded by the EEG
channel in the same individual. Shaded area corresponds to the onset component to the stop consonant. (E) Dipole locations from one individual demonstrated brainstem sources for onset peaks (magenta, peak I; cyan, peak II).

Results
Behavioral results from all participants are shown in SI Appendix,
Fig. S1. Significant group differences on the perception of p10 were
confirmed. Similarly, behavioral results from the final sample included in the study are shown in Fig. 1. As expected, the effects in
the final sample were the same but larger due to the selection
process. Native Spanish speakers identified the p10 syllable significantly more strongly as “pa” (mean pa identification = 0.85 ± 0.13)
than monolingual English speakers [mean pa identification = 0.35 ±
0.24], t (1, 27) = 6.96, P < 0.001, Bonferroni correction applied, d =
2.59 (Fig. 1A, shaded area). Spanish speakers also discriminated
stop consonants with 0 and +10 ms VOT more accurately (mean
d′ = 2.37 ± 0.72) than English speakers [mean d′ = 0.76 ± 0.74],
t (1, 27) = 5.90, P < 0.001, Bonferroni correction applied, d =
2.21 (Fig. 1B, shaded area).
For the EEG-cABR data, we first extracted the magnitude and
latency values for the first two peaks (Fig. 3A, peak I and peak
II) in the response. Peak I is in response to the initial noise burst
while peak II is in response to the voice onset of the stop consonant (Fig. 2A, shaded area). Independent t tests were conducted to compare the magnitudes and latency values between
the two groups.
For peak I, independent t tests revealed no significant difference in either magnitude or latency between the two groups
[magnitude: t (1, 27) = −1.13, latency: t (1, 27) = 0.117] (Fig. 3).
For peak II, independent t tests revealed no significant difference in magnitude, t (1, 27) = 1.69, but a significant difference in
latency, t (1, 27) = −3.98, P < 0.001, d = 1.45 (Fig. 3). That is,
and as predicted, native Spanish speakers exhibited a later peak
II (latency = 30.6 ms ± 0.36 ms) than English speakers (latency =
29.69 ms ± 0.81 ms).
Further, we conducted correlation analyses between individuals’ peak II latencies and their behaviorally measured perceptual data to examine the brain–behavior relation. Significant
regression models were observed between peak II latency and
p10 identification (R2 = 0.323, β = 0.569, P = 0.001, Fig. 4A), as
well as between peak II latency and d′ scores measuring discrimination ability for the +10-ms/0-ms syllable pair (R2 = 0.209,
8718 | www.pnas.org/cgi/doi/10.1073/pnas.1800186115

β = 0.457, P = 0.013, Fig. 4B). That is, the longer the peak II
latency in a participant’s cABR onset, the more strongly the
participant identified the stimulus as /pa/ and the higher the
participant’s discrimination of the stimulus from its neighboring
stimulus on the continuum (VOT = 0 ms).
From the MEG-cABR data, we obtained source information on
the onset peaks to compliment the EEG-cABR by using the ECD
method (Materials and Methods). A spherical head model was used
with all magnetometers for dipole fitting without MRI structural
scans. Specifically, the fitted ECD coordinates for each peak were
extracted and examined to address: (i) whether the sources of
these two peaks suggest deep sources, approximating brainstem
origins; and (ii) whether there were differences in the sources of
these peaks between groups. The group averaged topographies
around Peak I and Peak II time points and ECD locations for both
peaks can be visualized in Fig. 5. The topographies demonstrate
field patterns with deep sources (i.e., activities along the edge, Fig.
5A) instead of cortical sources (i.e., dipolar patterns in each
hemisphere, SI Appendix, Fig. S2), identified in previous studies
(19, 31). For peak I, no significant differences were observed for x,
y, or z coordinates [x: t (1, 27) = 0.21, y: t (1, 27) = −0.27, z: t (1,
27) = −0.06]. For peak II, no significant differences were observed either for x, y, or z coordinates [x: t (1, 27) = 0.16, y: t (1,
27) = −0.65, z: t (1, 27) = −0.86].
Discussion
The current study demonstrated that the effects of early linguistic experience on transient consonant perception can be
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Fig. 3. (A) Group average of the onset response from the EEG channel for
p10 stimulus. Shaded area indicates the peaks of interest. Peak I represents
brainstem response to the initial noise burst. Peak II represents brainstem response to the voice onset. (B) Individual onset responses from the final sample;
shaded area indicates time window for peak extraction. (C) Group averages for
peak I and peak II magnitude. No statistical difference was observed between
groups for either peak. (D) Group averages for peak I and peak II latency. Native
Spanish speakers exhibited a significantly longer latency for peak II, but not peak I.
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Fig. 4. Relations between peak II latency and perception. (A) Scatterplot
between peak II latency for p10 stimulus in cABR and percent identified p10 as
/p/. (B) Scatterplot between peak II latency for p10 stimulus in cABR and d′
sensitivity to discriminate between p10 and stop consonant with 0 ms VOT
(+0/+10 ms VOT pair). Significant models were observed for both regressions.

observed at the auditory brainstem encoding level. By targeting
transient consonant encoding, reflected by the onset of cABR,
we addressed important gaps in the literature. Most studies have
focused on examining the FFR component of cABR in response
to sustained, high-energy portions of speech (e.g., vowels). Direct
brainstem–perception relations have been rarely investigated.
In the current study, by examining the EEG-cABR onset to
transient consonants, we minimized the effects of cortical contributions, and by simultaneously recording MEG data, we
complimented the EEG-cABR results by providing source information of the onset peaks through dipole modeling methods.
Adult speakers from different linguistic backgrounds (monolingual English speakers vs. native Spanish speakers) were examined both behaviorally, using classic speech perception tasks,
and at the auditory brainstem level using simultaneous MEG/
EEG recordings of cABR. We tested the idea that individuals’
EEG-cABR onsets in response to consonants are related to their
perception, and that both onset responses and perception are
clearly differentiated by the language background of the listener.
Further, we provided complimentary information to EEG-cABR
regarding the source of the onset peaks using MEG-cABR data.
Native Spanish speakers exhibited a significantly later peak II
in the EEG-cABR onsets in response to a bilabial stop consonant (p10), compared with the monolingual English speakers.
This peak corresponds to the onset of voicing in this stop consonant. Significant relations were observed between the individual latency value for peak II and listeners’ perception of this
stop consonant (p10). That is, across language backgrounds, the
longer the latency for peak II, the more strongly the speaker
identified the stop consonant as /p/, and the better the speaker
discriminated the stimulus from a neighboring stop consonant
on the VOT continuum (VOT = 0 ms). Simultaneous MEG
recordings allowed access to the source information through
ECD modeling methods. The onset peaks were localized to
deep sources, complementing the EEG-cABR and providing
further support for a brainstem origin. As predicted, no differences between groups in the source locations were observed
for either peak.
Taken together, our current results strongly support the idea
that the effects of early linguistic experience on transient consonant perception can be observed at a very early stage of auditory processing (i.e., the brainstem level). Specifically,
brainstem encoding is strongly associated with the perception of
the consonants measured behaviorally. Both onset responses and
perception can be separated by the language background of the
listener, suggesting brainstem speech encoding is experience
related and behaviorally relevant.
Zhao and Kuhl

The current study is consistent with previous research suggesting early experiential effects on the FFR component of
cABR, a component that reflects the encoding of periodic information in complex sounds, such as fundamental frequency of
voice or tones (18, 20). However, the origin of the FFR has been
debated (19, 28). By examining the early EEG-cABR onsets to a
transient stop consonant in relation to perception, along with the
ECD modeling from MEG-cABR data, the current study extends the existing literature and provides additional and stronger
evidence to support the theoretical framework that the early
stage of speech sound encoding at the brainstem level may be
modulated by long-term experience through a descending corticofugal system (25). The corticofugal pathway originates from
cortex and can extend to as early as the auditory periphery
(cochlea) (32). For example, it has been demonstrated in animals
that short-term laboratory-controlled experience can affect auditory frequency tuning curves at the auditory cortex, brainstem,
midbrain, as well as in the hair cells in the cochlea (33, 34). In
humans, at the onset of hearing around 24–25 wk of gestation,
complex and dynamic speech sounds become audible (35, 36),
and short-term in utero auditory experience is already manifested by the time of an infant’s birth (37–39). Language experience is therefore one of the longest and most profound
experiences humans have, making the current results compatible
with a corticofugal mechanism. At the same time, the current
study provides a rare opportunity to examine a brain–behavior
relation when both measurements can be transformed onto the
same scale (i.e., time). While numerous studies have established
that a small change in the neural signal (e.g., microvolts in EEG
amplitude) can be predictive of a behavioral shift at a larger scale
(e.g., perception and/or cognitive skills) (e.g., refs. 40 and 41),
it is difficult to speculate the exact “amplification mechanism.”
In the current study, the “cross-over” point in category perception can also be calculated (i.e., where identification is 50%
on a psychometric function fitted on each individual’s data),
indicating the stimulus position where perception changes from
/ba/ to /pa/. The result shows that a range of 3.4 ms in the
brainstem peak II latency across subjects corresponds to a range
of 18.9 ms in their category boundaries, providing some information of this brain-to-perception amplification mechanism.
Several points should be taken into consideration regarding
the current results. First, group effects on the cABR onsets remain limited to the subgroup that showed strong weighting of the
VOT cue. It remains to be further examined whether cABR
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Fig. 5. (A) Group average topographies in the peak I and peak II time
windows. (B) Group average dipole (ECD) locations for peak I and peak II. All
peaks have deep sources and no statistical differences were observed between groups in the ECD coordinates.
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onset is also related to perception in individuals who do not rely
on the VOT cue in the voiced/voiceless contrast. Discovering this
will help us further elucidate the mechanism through which
cABR is related to perception and experience. Second, while the
cABR onset peaks can be predominantly considered subcortical
in nature, given the high level of repetition in stimulus presentation, other sources (e.g., auditory cortex) may contribute as a
result of online adaptation and learning. More sensitive MEG
recording methods (e.g., more advanced denoising methods to
allow analysis with fewer trials) with individual MRIs in the future
would allow distributed source localization methods and could
potentially help elucidate dynamic changes in the underlying
sources during the actual recording session.
The current study also generates important future research
directions regarding this experiential effect; for example, what is
the earliest point in development that an experiential effect can
be observed at the brainstem level and how does this effect interact with perceptual development as well as cortical processing? Speech categories emerge as distributional patterns in
speech input and social experiences occur, and different cortical
processing patterns have been observed for different speech
categories (42, 43). During the “sensitive period” between 6 and
12 mo of age, infants rapidly learn to discriminate native speech
contrasts while their ability to discriminate nonnative speech
contrasts start to decline (9). Theories posit that the neural
system starts a process of “neural commitment” to the processing
of native speech categories by 12 mo of age (8, 44). To understand the extent of such neural commitment, future research
is warranted to examine the relations between cortical and
brainstem levels of phonetic processing in cross-linguistic adult
studies as well as infants at the beginning and the end of the
sensitive period for phonetic learning.
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Materials and Methods
Behavioral Assessment on Categorical Perception.
Participants. Monolingual English speakers (n = 29, male = 9, age = 21.48 ±
2.15) and native Spanish speakers (n = 20, male = 6, age = 25.40 ± 4.76) were
first recruited to complete the behavior assessment on their categorical
perception of bilabial stop consonants varying on the VOT dimension. All
participants were healthy adults with no reported speech, hearing, or language disorders. All participants were right-handed (Edinburgh handedness
quotient = 0.98 ± 0.04). All procedures were approved by the Institutional
Review Board of the University of Washington and informed consents were
obtained from all participants.
Stimuli. Bilabial stop consonants with varying VOTs were synthesized by Klatt
synthesizer in Praat software (45). The VOT values ranged from −30 ms to
+30 ms with 10-ms increments. The syllable with 0 ms VOT was first synthesized with a 2-ms noise burst and vowel /a/. The duration of the syllable
was 90 ms. The fundamental frequency of the vowel /a/ began at 95 Hz and
ended at 90 Hz. Silent gaps or prevoicing were added after or before the
initial noise burst to create syllables with positive or negative VOTs. The
fundamental frequency for the prevoicing portion was 100 Hz. The waveform of the syllable p10 is shown in Fig. 2A.
Equipment and procedure. Upon arrival, all participants were consented and
completed a short survey on their language and music backgrounds. Then
they proceeded to a sound attenuated booth for the computer-based
identification and discrimination tasks to assess categorical perception. All
sounds were delivered through Sennheiser HDA 280 headphones at 72 dB
SPL. Both tasks were completed on a Dell XPS13 9333 computer running
Psychophysical Toolbox (46) in MATLAB version 2016a (MathWorks, Inc.).
In an identification trial, a syllable was played and the participant was
instructed to identify the sound as either /ba/ or /pa/ through key presses
within 1 s. All seven syllables on the continuum were repeated 25 times in a
randomized order. In a discrimination trial, two syllables, either identical or
adjacent on the continuum, were played with a 300-ms interstimulus interval.
Participants were instructed to respond whether the two sounds were
the same or different through a key press within 1 s. All 24 (6 pairs × 4 sequences) possible combinations (e.g., +10/0, 0/+10, +10/+10, and 0/0) were
repeated 20 times in a randomized order. Practice trials were first administered
and participants had to reach 80% to proceed. One participant was excluded
during this phase.
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Data analysis. For the identification task, the percentage of identification of
the syllable as /pa/ was calculated for each sound. For the discrimination task,
d′ values for each pair of syllables (e.g., +30/+20 ms VOT) were calculated to
index the sensitivity of discrimination. The d′ measure takes into consideration both hit (response of “different” when sounds were different) and
false alarm (response of “different” when sounds were the same) responses,
and therefore addresses the issue of response bias (29).
M/EEG Brainstem Recording.
Participants. A subgroup of the participants who completed the behavioral
assessments was further selected for M/EEG recording of their brainstem
responses (monolingual English speakers = 16, native Spanish speakers = 18).
Among the participants invited back, two participants opted out for
M/EEG recording and three participants’ M/EEG recordings were rendered too
noisy (i.e., impendence of EEG channels >10 kΩ). Final sample for group
analyses (i.e., complete behavioral and good M/EEG recording) included
14 monolingual English speakers (male = 5, age = 21.21 ± 1.76) and 15 native
Spanish speakers (male = 5, age = 26.00 ± 5.04). There was no difference
between the two groups in their music training background [years of training:
monolingual English = 3.66 ± 2.80, native Spanish = 2.12 ± 2.24, t (1, 27) = 1.64,
P = 0.112]. The native Spanish speakers reported speaking at least one foreign
language (English) at high proficiency (SI Appendix, Table S1); however, none
were raised as simultaneous bilinguals. The English speakers reported to be
monolingual with minimal proficiency in other languages.
Stimuli. Bilabial stop consonant with +10 ms VOT (p10 from here on) was
selected for the M/EEG recording given the range in perception data (Fig. 1).
The waveform of the synthesized syllable is shown in Fig. 2A. The 10-ms silent gap starts from the offset of the noise burst and ends at the onset of voicing,
making the first peak of onset of voicing at 19 ms (edge of the shaded area).
Equipment and procedure. Simultaneous MEG and EEG recordings were completed inside a magnetically shielded room (MSR) (IMEDCO). For EEG, a
standard three-electrode setup was used: CZ electrode on a 10–20 system,
ground electrode on the forehead and the reference electrode on right
earlobe. Impendence of all electrodes was kept under 10 kΩ. For MEG, an
Elekta Neuromag system was used with 204 planar gradiometers and
102 magnetometers. Five head-position-indicator (HPI) coils were attached
to identify head positions under the MEG dewar at the beginning of each
block. Three landmarks [left preauricular (LPA) and right preauricular (RPA),
and nasion] and the HPI coils were digitized along with 100 additional points
along the head surface (Isotrak data) with an electromagnetic 3D digitizer
(Fastrak, Polhemus). The sounds were delivered from a TDT RP 2.7 (TuckerDavis Technologies Real-Time Processor), controlled by custom Python
software on a Hewlett-Packard workstation, to insert earphones (Nicolet
TIP-300). The stimulus was processed such that the rms values were referenced to 0.01 and it was further resampled to 24,414 Hz for the TDT. The
sounds were played at the intensity level of 80 dB with alternating polarities.
The interstimulus intervals were 150 ms with jitters within a ±10-ms window.
Two blocks of recordings (3,000 sounds per block) were completed at the
sampling rate of 5,000 Hz. The participants listened passively and watched
silent videos during recording.
Data analysis. All data analysis was done using the MNE-Python software (47)
in conjunction with the Elekta Neuromag source modeling software (XFit5.5). For EEG data, after referencing the CZ channel, the data from each
block was first notch filtered at 60 Hz and at its harmonics up to 2,000 Hz to
remove any power line interference. It was further band-pass filtered between 80 Hz and 2,000 Hz using a fourth order Butterworth filter. Epochs
between −10 ms and 150 ms (in relation to sound onset) were extracted and
averaged within the block and then across the blocks. Epochs with peak-to-peak
values exceeding 100 μV were rejected. An example from one participant is
shown in Fig. 2B. Because the two peaks are visible in all participants with
consistent timing (Fig. 3B), we extracted the magnitude and latency values
for the two peaks related to the stop consonant for each participant by
identifying the maximum value and its corresponding time in the windows
between 5 and 15 ms for peak I and between 25 and 35 ms for peak II (18).
MEG data were first preprocessed using the oversampled temporal projection (OTP) method (48) and the temporally extended spatial-signalseparation (tSSS) method (49, 50) to suppress sensor noise and magnetic
interference originating from outside of the MEG dewar. Both algorithms
are implemented in the MNE-Python software. The preprocessed data were
then subjected to the same notch filter (60 Hz and harmonics) and band-pass
filters (80–2,000 Hz) as for the EEG data. The same epochs (−10–150 ms)
were extracted and averaged. The epochs with peak-to-peak amplitude
exceeding 4 pT/cm for gradiometers or 4.0 pT/cm for magnetometers
were rejected.
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ECDs were fitted separately for the two peaks related to the stop consonant using all magnetometers in the XFit (51). A spherical head model was
used as individual MRI scans were not available. The center of the head was
adjusted on the head coordinates, based on the Isotrak data containing the
head shape and fiducial points (nasion, left and right preauricular points),
which was collected at the beginning of the recording. For peak 1, ECDs
were fitted between 9 ms and 13 ms with 0.1-ms steps while for peak 2, the
time window was between 29 ms and 33 ms. ECDs inside the sphere model
with goodness of fit over 65% were considered (peak I, mean goodness of
fit ± SD = 73.25 ± 6.66; peak II, mean goodness of fit ± SD = 74.03 ± 5.28). An
ECD was selected as the best-fitting dipole for each peak if the current
density (Q) was the largest with the best goodness-of-fit value.

Between groups, the current density (Q) and the goodness-of-fit values
were comparable for both peaks [peak I, Q: t (1, 27) = −0.86 and g: t (1,
27) = −0.65; peak II, Q: t (1, 27) = 0.18 and g: t (1, 27) = −0.62]. The ECD
coordinates (x, y, and z) for each peak were extracted for each participant as
a measure reflecting source location.
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