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This study examined neurophysiologic correlates of the perception of native and nonnative phonetic
categories. Behavioral and electrophysiologic responses were obtained from Hindi and English
listeners in response to a stimulus continuum of naturally produced, bilabial CV stimuli that differed
in VOT from —90 to 0 ms. These speech sounds constitute phonemically relevant categories in
Hindi but not in English. As expected, the native Hindi listeners identified the stimuli as belonging
to two distinct phonetic categori¢fa/ and /pa/and were easily able to discriminate a stimulus pair
across these categories. On the other hand, English listeners discriminated the same stimulus pair at
a chance level. In the electrophysiologic experiment N1 and MMN cortical evoked potentials
(considered neurophysiologic indices of stimulus proce$sivege measured. The changes in N1
latency which reflected the duration of pre-voicing across the stimulus continuum were not
significantly different for Hindi and English listeners. On the other hand, in response to the /ba/—/pa/
stimulus contrast, a robust MMN was seen only in Hindi listeners and not in English listeners. These
results suggest that neurophysiologic levels of stimulus processing reflected by the MMN and N1
are differentially altered by linguistic experience. Z00 Acoustical Society of America.
[S0001-496600)02805-9

PACS numbers: 43.71.An, 43.71.Hw, 43.71.Pc, 43.6/CSi/T]

INTRODUCTION little is known about whether underlying neural-sensory rep-
resentations of speech are actually altered by an individual's
A robust finding in the literature on infant speech per-linguistic experiences.
ception is that infants 6—-8 months old can discriminate A noninvasive method of directly examining neuro-
speech sounds regardless of whether or not they are presgiHysiologic correlates of perceptual processes in humans is
in the infant’s language environment. However, older infantsecording auditory evoked potential&EPS. The N1 and
and adults are less accurate in their perception of speedqftismatch Negativity(MMN) auditory evoked potentials, in
sounds that are not relevant to their native langues® particular, have proved useful in investigating neural corre-
review by Werker, 1994 These findings demonstrate that |ates of speech processing. The N1 is an evoked response
listeners’ speech perception abilities are altered by experiwhose latency and morphology reflects the time of onset of
ence with a particular language and that a lack of experiencgcoustic eventsithin speech, such as burst onset relative to
with a particular phonetic contrast has the effect of reducing,oicing onset in a stop-consonant vowel syllai&harma
sensitivity to that contrast. Certain nonnative contrasts apand Dorman, 199%nd the onset of friction relative to vowel
pear to be easier to discriminate than others, perhaps due gpset in a fricative-vowel syllabléKaukorantaet al, 1987;
exposure to their phonetic quality through some shared amostroff et al, 1999. The mismatch negativity(MMN)
ticulatory or phonetic features with sounds from one’s owngygked response, on the other hand, is elicited by changes
language(Best, 1994; Tees and Werker, 1984; Polka, 1991 petweenacoustic signaléSharmaet al, 1993; Sharma and
and/or acoustic salience of the contréBurnham, 1986  porman, 1998 Primary generator sites for the N1 and
Moreover, although for some contrasts re-learning is relaynivN include the auditory cortical and thalamic are@&x
tively easy using auditory training methods, for other con-t33nen and Picton, 1987; Csepe, 1998oth the N1 and
trasts it is often very difficul(see reviews by Pisorétal.  MMN have traditionally been considered neurophysiologic
1994; Logan and Pruitt, 1995 indices of pre-attentive processing since they are recorded
~While there is overwhelming evidence for a “perceptual yithout active participation from subjects, whose attention is
deficit” in discrimination of some nonnative speech con- actively directed away from the eliciting stimuli by reading
trasts for adult secont_;l Ianguag_e Iear_r[_etgw Werker, 1994 o watching a movie. Furthermore, the MMN can be elicited
(review], the mechanisms of this deficit remain unclear. Theynen the eliciting stimuli are not behaviorally discriminated,
prevailing view is that this deficit occurs due to re-alignmente_g_’ when stimuli are from within the same place of articu-
of cognitive categories resulting from “higher-level” atten- |54i0n category(Sams et al, 1990; Sharmaet al, 1993;
tional biases rather than a neural-sensory Ige® reviews \1jiste et al, 1995. For these reasons, the MMN has been
by Pisoniet al, 1994 and Werker, 1994In fact, however, .,nsidered a measure of “sensory” or noncognitive process-
ing (Nataanen, 1992
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cross-language speech perception have raised doubts asHmdi). To create the experimental stimuli, the pre-voicing
whether the MMN reflects a sensory level of processing. Irsegment of the original utterances were edited at zero cross-
one study, Natanen et al. (1997 examined perception of ings to create stimuli with pre-voicing durations of 0 to 90
Finnish vowels in Estonian and Finnish listeners, and in thans (see Fig. 1L

other study Winkleret al. (1999 examined perception of

Hungarian and Finnish vowel contrasts in speakers of those

two languages. The overall conclusion of these studies was

that the MMN responses elicited by contrasts that were no: Frocedures

phonetically relevant in the listeners’ native language were | the identification portion of the experiment, Hindi
significantly smaller than the MMN responses evoked bysypjects were asked to listen to the experimental stimuli
vowels that constituted different phonetic categories in th%hrough headphones and to classify each stimulus either as a
native languages of those same listeners. One interpretatiqﬁa/ (or “paar”) or /ba/(or “baar”). Subjects were asked to
of these results of diminished MMN responses for nonnativggicate their responses by clicking with a computer mouse
vowel contrasts is that the sensory level of processing tradigp, panels marked PA and BA appearing on a computer
tionally attributed to the MMN is modified by language ex- screen. Each subject was given an initial practice session
perience. However, another interpretation of these results ignere he or she heard each stimulus along the continuum
that the MMN does not reflect a entirely sensory level ofgnce. After that, ten repetitions of each of the nine stimuli
processing, but rather a higher level susceptible to linguisti¢,ere presented to the subject in a random order.
influences. _ _ ~ Following the identification task, subjects participated in
_In this report we describe the results of an experiment iy giscrimination task. Based on results from a pilot experi-
which the N1 and MMN evoked potentials were obtainedment the stimulus pair chosen for the discrimination experi-
from Hindi and English speakers in response to speechent had-10 and—50 ms VOT. An AX discrimination task
sounds varying in voice-onset-time which constituted differ-y, 55 employed. On each trial, subjects heard two stimuli with
ent phonetic categories in Hindi and but not in English. If 3, interstimulus intervalSI) of 500 ms. Subjects were
language experience alters the sensory level of processinggked to determine whether the stimuli in the pair were
then both the N1 and the MMN responses to stimuli along:same” or “different.” Subjects indicated their responses
the continuum would be different for Hindi speakers COM-py clicking on panels labeled “same” or “different” on the
pared to English speakers. On the other hand, if only th@omputer screen. The presentation of stimulus pairs was ran-
MMN (and not the N1 response to stimuli along the con- gomized within the test and across subjects. To familiarize
tinuum were different for Hindi speakers compared t0 En-the subjects with the task, an initial practice session of 20
glish speakers, then such a finding would strengthen the pogrigis was presentedl0 same and 10 different trialsThe
sibility that the MMN reflects a level of processing which is experimental session consisted of a total of 100 tri&l3
beyond the sensory level. same and 50 differenfor each stimulus pair.

|. BEHAVIORAL EXPERIMENT

A. Method
1. Subjects

B. Results

) o ] ) The group mean identification scores for each stimulus
Ten native Hindi speakers were recruited from the Ari-(1en are shown in Fig. 2. As can be seen, Hindi listeners

zona State UniversityASU) campus. These were Stvde”t_s consistently(i.e., >75% of the tim¢ identified stimuli with
who had spent at least the first 20 years of their life in India,oT's of 0 and—20 as Ipal and-50 and—90 ms as /bal.

and had come to ASU for graduate studies. Subjects reporteg, the other hand, English listeners reliably identifdicthe
that they were fluent in several Indian languagesluding  imuli as /bal.

Hindi) as well as English. Additionally, ten monolingual The mean discrimination scores for thel0 and —50
speakers of Americgn—Eninsh were recrqited from the ASUy s vOT stimulus pair are shown in Fig. 3. Hindi subjects
campus. These subjects reported no previous exposure to the,re aple to discriminate the stimuli as different with a high
Hindi language. All subjects were pai@10/houj for their  geqree of accuracy, while English listeners discrimination of
participation. The subjects reported that they had no historye stimulus pair was close to chance. A paitegst re-
of hearing, speech, or language problems. vealed that Hindi subjects’ discrimination of the stimuli was
o significantly more accurate than their English counterparts
2. Stimuli (t=10.8;df18; p<0.0001. Overall, for the Hindi subjects,
The first author recorded the syllables /ba/ and /pa/ intdhe identification and discrimination results are consistent
a digital signal processing system. The system had 16 biwvith previous reports of categorical perception for similar
resolution and ran at 11.2 kHz. The vowels were producedtimulus continua. On the other hand, for English listeners,
with a slight /r/ coloring. The consonants were producedhe identification and discrimination results are consistent
with pre-voicing as is appropriate in Hindi. The syllables with previous reports that in the absence of training changes
were acceptable to native-English speakers as /ba/ and weire pre-voicing are not phonemically perceived by monolin-
acceptable to native-Hindi speakers as “baawvhich means gual speakers of American Englib.g., Werker, 1994re-
“again” in Hindi) and “paar” (which means “side” in  view)].
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Il. ELECTROPHYSIOLOGIC EXPERIMENT 3. Recording procedures
A. Method MMN and N1 evoked potentials were recorded using a

NeuroScan, Inc. data acquisition system. Silver-chloride
1. Subjects electrodes were placed on the midliffez, Cz, and Pz The

. . . . reference electrode was placed on the right mastoid and the
For the electrophysiologic recording sessions the sub-

iacts’ wer ted comfortably in nd booth. T nir round electrode was placed on the forehead. Eye move-
jects were seared comiortably In a sou 00th. 10 CONt9%h,ents were monitored with a bipolar electrode montéesye
for arousal and to minimize subjects attention to the tes

o . i . . ._“praorbital to lateral canthiis Averaging was suspended
stimuli, subjects watched a videotaped movie of their ChO'Ce\'Nhen the eye channel registered blinks. The recording win-

y|dteo tape aIL:d('jOt Ie_vels wter:e tke[::t tt_)elol\{vt;lot dB SPL. Su?’d w included a 100-ms prestimulus period and 500 ms of
Jects were asked fo ighore Ihe test Sumull thal Were presentegl, o stimulus time. AEPs were bandpass filtered on-line

through an insert earphones at 75 dB SPL in the right ear ¢ om 0.1 to 100 Hz(slope 12 dB/octaveand the recording
gain was set at 1000. Responses that were greater than 100
2. Stimuli ©V were judged as noisy and rejected offline.
a. MMN. In the oddball paradigm, 2000 sweeps of the
a. MMN. For the MMN recordings, the stimuli were the response to the standard and 300 sweeps of the response to
same as those used in the behavioral discrimination experihe deviant stimulus were collected. By definition, the MMN
ment(i.e., the—10 and—50 ms VOT paiy. The MMN was is a response to stimulus change and occurs only when the
elicited using an oddball paradigm in which repetitive pre-deviant stimulus is presented in the context of a sequence of
sentations of a “standard” stimulus were occasionally re-standard stimuli. A control condition was employed to en-
placed with a “deviant” or “target” stimulus. The deviant sure that the response reflects a change as opposed to reflect-
stimulus had a probability of occurrence of 15%. Th&0 ing simply the stimulus difference between the standard
ms VOT stimulus was the standard an®0 ms VOT stimu-  stimulus and the deviant stimulus. In this condition, the re-
lus was the deviant. The stimuli were presented at an offsesponse which occurred to the deviant stimulus in the oddball
to-onset ISI of 510 ms. paradigm was compared to the response evoked by the same
b. N1. The stimulus continuum was identical to the one stimulus when it was presented alone. If an MMN is present,
used in the behavioral identification experiment. Repeatethen a relative negativity will be apparent only in the re-
presentations of each stimulus separated by an onset-tgponse elicited in the context of the oddball paradigm and
offset ISI of 800 ms were used to elicit the N1. The order ofnot when the deviant stimulus was presented al@fraus
presentation of stimuli was counterbalanced across subjectst al,, 19953.
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FIG. 2. Mean identification functions for the Hindi listendrgpper pangl -100 0 100 200 300 400 500
and English listenerower pane). ms

) o ) FIG. 4. Grand-averaged responses at the Fz scalp location for the Hindi
b. N1. For the N1 recording, 300 sweeps elicited in re- listeners(left pane) and the English listeneisight pane). The top thin line

sponse to each stimulus from the continuum were collecteds the response to the deviant stimulus when it was presented alone. The
thick line is the response to the deviant stimulus when it occurred in the
. mismatch condition. The MMN response is seen in the difference wave
4. Data analysis (lower thick line as a negativity. The boxes on tkaxis indicate the region
of a significant mismatch response<(0.05).

a. MMN. For individual subjects, sweeps were averaged
to compute an individual average waveform elicited by theviant stimulus when it was presented alone. A “difference
deviant stimulus when it occurred in the context of the stanwave” was computed by subtracting the response to the de-
dard stimulus(i.e., in the oddball paradigiand by the de- viant stimulus from the deviant-alone stimulus presentation.
In individual subjects, the morphologies of the alone, devi-
100 - Discrimination ant, and difference waves were assessed relative to previ-
ously described morphologies of speech-evoked potentials
(Kraus et al, 1992. In individual subjects, the MMN was
apparent in the difference waveform while the N1 was ap-
parent in the alone and deviant waveforms. The MMN was

§ 50 identified visually as a relative negativity following the N1
g peak. The point of maximum negativity of the MMN com-
ponent was noted and the adjacent relative positive peaks
were selected as the MMN onset and offset. To determine
the area of the MMN, a line was drawn from the onset to the
0 offset of the MMN in the difference wave. The area was

Hindi Listeners ‘ English Listeners ' defined as a summation of the point by point multiplication
o . o (msx uV) of the enclosed difference wave. The area of the

FIG. 3. Mean discrimination scores for thel0 and =50 ms VOT voicing  \i\viN was computed for individual subjects from the Fz

contrast. Hindi subjects were significantly better at discriminating the stimu- .

lus pair as compared to English subjects<(0.0001). Error bars indicate €lectrode since the most robust MMNs were observed at that

+1 standard error. electrode site.
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FIG. 5. Grand-averaged N1 responses for Hindi listeflefs pane) and English listener&ight panel. N1 latency was positively correlated with VOT for
both groups of listenergHindi groupr =0.79; p<<0.0002; (English groupr =0.8; p<<0.0001].

Group averaged difference waves were computed by awificantly larger for the Hindi compared to the English group
eraging individual subject difference waves. A point-to-point(t=2.3; df=18; p<0.05. These results are consistent with
t-test of the values contributing to the group averaged differthose of Kraust al. (19950 and Tremblayet al. (1997 who
ence waveform determined the period over which the grandeported that only minimal MMN responses were elicited to
averages were significantly different from zero at the Hindi VOT contrasts in untrained English listeners.
<0.05 level. A significant negativity in the mean difference To summarize, the nativéHindi) speakers who could
wave was defined as the group MMN. The disadvantage dbehaviorally discriminate the stimulus contrast exhibited a
this analysis is that the number bfests performed and the robust MMN to the contrast, while in the nonnati{ienglish
high correlation between adjacent points on a waveform inlisteners whose perceptual discrimination of the same con-
creases chances of spurious significant values. To counténast was at a chance level, a significant MMN in response to
this difficulty, Gutherie and Buchwall991) based on mul- the stimulus contrast was not observed.
tiple regression techniques on P300 waveforms, concluded
that if a .cor_ﬁinuous interval of at least 12 sampling point;zl N1
shows significance then the power of the statistical test is ) o
sufficient. Because the A/D sampling rates and filter settings | "€ grand average waveforms showing the variation in
for the MMN are essentially similar to the P300, a similar N1 latency across the stimulus continuum are shown in Fig.

significance interval should give appropriate statistical power: A tWo way (VOT x listener group ANOVA revealed a
(Krauset al, 1995a: McGeet al, 1997. significant main effect of VOT(F =66.45, p>0.0001 but

b. N1. For individual subjects, sweeps were averaged td'°t Of listener grouif =2.15,p>0.18. Correlational analy-
compute an individual average waveform. All waveformsSiS revealed that the N1 latency was positively correlated
were digitally high pass filtered off-line at 4 Hilter slope ~ With VOT for both groups of listenerg(Hindi group r

12 dB/octav In the group mean waveforms, N1 was iden- = 0-79; P<<0.0003; (English groupr =0.80; p<<0.0001],
tified visually as prominent negative peak within the first half SU99€esting that the latency of the N1 reflects the VOT of the

of the time window. In order to aid in peak identification and SYllable. Therefore, to summarize, N1 latencies systemati-
measurement in data from individual subjects, response wirally reflected the acoustic change from the pre-voiced por-
dows of +25 ms were created around the peak in the grouﬁ'on to the v0|ceq portion ywt_hm the syllables equally well
mean waveforms. Peak latencies were detected based on tigs Poththe English and Hindi groups.

recordings from the electrode site Fz, where the response

amplitudes were the largest in the group mean waveformdll. GENERAL DISCUSSION

The latency was typically marked at the center. Group aver-

) . We have examined behavioral and neurophysiologic
aged waveforms were computed by averaging across the in- . L ) .
g correlates of the perception of pre-voicing which provides a
dividual average waveforms.

phonetically relevant change in Hindi but not in English. The
B R results of the N1 experiment showed that the neurophysi-
. Results . . . . 4
ologic representation of the duration of pre-voicing and voic-
1. MMN ing onset was equally robust in native and nonnative speak-
The group averaged waveforms from the Fz electrodeers. In contrast, a robust MMN was elicited only for native
site are shown in Fig. 4. A robust and statistically significantspeakers of Hindi.
MMN was obtained for Hindi listeners. However, a statisti- As seen in Fig. 5, changes in latency of the N1 compo-
cally significant MMN was not elicited in English listeners. nent reflected the acoustic change from pre-voicing to voic-
Furthermore, a-test revealed that the MMN area was sig- ing onset occurring within a syllable. This result is consistent
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with previous reports based on animal studi€stein-  of the AEP reflect functionally different levels of processing.
schniederet al, 1995; Eggermont, 1995; McGeetal, The N1 reflects stimulus processing which occurs at a sen-
1996 and human experiment&aukaranteet al., 1987; Os-  sory level that is not modified by exposure to the phonetic
troff et al, 1998; Sharma and Dorman, 199Bat changes in  categories of a language. The MMN reflects a level of pro-
morphology and latency of the AEP waveform reflect acous<essing in which language specific categories play a role.
tic events ongoing within the speech stimulus. For exampleThe characterization of the MMN as reflecting an entirely
Sharma and Dorma(1999 reported that changes in N1 la- sensory level of processing is not tenable in light of the
tency and morphology reflected sequential changes in acoupresent results.
tic events within a /da/—/ta/ stimulus continuum such as the
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