Mitchell Steinschneider, Igor O. Volkov, M. Daniel Noh, P. Charles Garell and

Matthew A. Howard, |11
J Neurophysiol 82:2346-2357, 1999.

You might find this additional information useful...

This article cites 79 articles, 19 of which you can access free at:
http://jn.physiol ogy.org/cgi/content/full/82/5/2346#B1BL

This article has been cited by 8 other HighWire hosted articles, thefirst 5 are:

Subcortical differentiation of stop consonantsrelatesto reading and speech-in-noise
per ception

J. Hornickel, E. Skoe, T. Nicol, S. Zecker and N. Kraus

PNAS, August 4, 2009; 106 (31): 13022-13027.

[Abstract] [Full Text] [PDF]

Age-Related Changesin Transient and Oscillatory Brain Responsesto Auditory
Stimulation in Healthy Adults 19-45 Years Old

C. Poulsen, T. W. Picton and T. Paus

Cereb Cortex, June 1, 2007; 17 (6): 1454-1467.

[Abstract] [Full Text] [PDF]

Auditory Evoked Potential Patternsto Voiced and Voiceless Speech Soundsin Adult
Developmental Dyslexics with Persistent Deficits

K. Giraud, J.F. Demonet, M. Habib, P. Marquis, P. Chauvel and C. Liegeois-Chauvel
Cereb Cortex, October 1, 2005; 15 (10): 1524-1534.

[Abstract] [Full Text] [PDF]

Intracortical Responsesin Human and Monkey Primary Auditory Cortex Support a
Temporal Processing M echanism for Encoding of the Voice Onset Time Phonetic
Parameter

M. Steinschneider, I. O. Volkov, Y. I. Fishman, H. Oya, J. C. Arezzo and M. A. Howard I11
Cereb Cortex, February 1, 2005; 15 (2): 170-186.

[Abstract] [Full Text] [PDF]

Middle L atency Auditory-Evoked Fields Reflect Psychoacoustic Gap Detection Thresholds
in Human Listeners

A. Rupp, A. Gutschalk, S. Uppenkamp and M. Scherg

J Neurophysiol, October 1, 2004; 92 (4): 2239-2247.

[Abstract] [Full Text] [PDF]

Medline items on this article's topics can be found at http://highwire.stanford.edu/lists/artbytopic.dtl
on the following topics:

Psychology .. Language Acquisition

Neuroscience .. Speech

Psychology .. Speech Perception

Veterinary Science .. Auditory Cortex

Medicine .. Vocal Cords

Physiology .. Humans

Updated information and services including high-resolution figures, can be found at:
http://jn.physiol ogy.org/cgi/content/full/82/5/2346

Additional material and information about Journal of Neurophysiology can be found at:
http://www.the-aps.org/publications/jn

Thisinformation is current as of August 14, 2009 .

Journal of Neurophysiology publishes original articles on the function of the nervous system. It is published 12 times a year
(monthly) by the American Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2005 by the
American Physiological Society. ISSN: 0022-3077, ESSN: 1522-1598. Visit our website at http://www.the-aps.org/.

6002 ‘v'T 1snbny uo Bio ABojoisAyd-ul wolj papeojumoq



http://jn.physiology.org/cgi/content/full/82/5/2346#BIBL
http://www.pnas.org/cgi/content/abstract/106/31/13022
http://www.pnas.org/cgi/content/full/106/31/13022
http://www.pnas.org/cgi/reprint/106/31/13022
http://cercor.oxfordjournals.org/cgi/content/abstract/17/6/1454
http://cercor.oxfordjournals.org/cgi/content/full/17/6/1454
http://cercor.oxfordjournals.org/cgi/reprint/17/6/1454
http://cercor.oxfordjournals.org/cgi/content/abstract/15/10/1524
http://cercor.oxfordjournals.org/cgi/content/full/15/10/1524
http://cercor.oxfordjournals.org/cgi/reprint/15/10/1524
http://cercor.oxfordjournals.org/cgi/content/abstract/15/2/170
http://cercor.oxfordjournals.org/cgi/content/full/15/2/170
http://cercor.oxfordjournals.org/cgi/reprint/15/2/170
http://jn.physiology.org/cgi/content/abstract/92/4/2239
http://jn.physiology.org/cgi/content/full/92/4/2239
http://jn.physiology.org/cgi/reprint/92/4/2239
http://highwire.stanford.edu/lists/artbytopic.dtl
http://jn.physiology.org/cgi/content/full/82/5/2346
http://www.the-aps.org/publications/jn
http://www.the-aps.org/
http://jn.physiology.org

Temporal Encoding of the Voice Onset Time Phonetic Parametel
Field Potentials Recorded Directly From Human Auditory Cortex

MITCHELL STEINSCHNEIDER! IGOR O. VOLKOV? M. DANIEL NOH,? P. CHARLES GARELL? AND
MATTHEW A. HOWARD, III?

1Departments of Neurology and Neuroscience, Albert Einstein College of Medicine, Bronx, New York 10461; and
“Department of Surgery (Division of Neurosurgery), University of lowa College of Medicine, lowa City, lowa 52242

Steinschneider, Mitchell, Igor O. Volkov, M. Daniel Noh, P. Charles tion. One exciting avenue of research involves the expan
Garell, and Matthew A. Howard, Ill. Temporal encoding of the voice yse of functional neuroimaging to define regions of bra

onset time phonetic parameter by field potentials recorded directly frcﬁﬁrticipating in specific aspects of language processing (8.

human auditory cortexJ. Neurophysiol82: 2346-2357, 1999. Voice . R - s
onset time (VOT) is an important parameter of speech that denotes %QQer etal. 1996; \,N'Se etal. 1991). These mvgsﬂgaﬂons h
time interval between consonant onset and the onset of low-frequefidPlicated both primary and secondary auditory cortex
periodicity generated by rhythmic vocal cord vibration. Voiced stofinportant components of a neural network subserving

consonants (/b/, /g/, and /d/) in syllable initial position are characterizéitial cortical stages of phonetic processing (Zatorre et
by short VOTs, whereas unvoiced stop consonants (/p/, /k/, and 1992, 1996). Event-related potentials and neuromagnetic

contain prolonged VOTSs. As the VOT is increased in incremental stepgye complemented functional neuroimaging studies by id

perception rapidly changes from a voiced stop consonant to an unvoiced: ;
consonant at an interval of 20—40 ms. This abrupt change in consonf‘l:l tmg temporally dynamic features of speech sound encod

identification is an example of categorical speech perception and iénaaudlitory cortex and by gsing physiol_ogical mar_kers to g
central feature of phonetic discrimination. This study tested the hypof.€SS important controversies surrounding phonetic percep
esis that VOT is represented within auditory cortex by transient responé@<d-, Kaukoranta et al. 1987; Kuriki et al. 1995; Poeppel et

Hed
n

nve

> 9
Do »n

)

3 DeRenimot

=,
=

time-locked to consonant and voicing onset. Auditory evoked potentidi®97; Sharma and Dorman 1998; Sharma et al. 1993). M
(AEPs) elicited by stop consonant-vowel (CV) syllables were recordedlological constraints of these techniques, however, precl
directly from Heschl's gyrus, the planum temporale, and the superi@solution of the specific synaptic events that activate audit
temporal gyrus in three patients undergoing evaluation for surgical rtex, generate the evoked responses, or underlie the pho
mediation of medically intractable epilepsy. Voiced CV syllables elicitegiscrimination. These considerations reinforce the need

a triphasic sequence of field potentials within Heschl's gyrus. AERSore detailed physiological investigations of phonetic enc&

evoked by unvoiced CV syllables contained additional response compo- : S : :
nents time-locked to voicing onset. Syllables with a VOT of 40, 60, or Eﬂ?g Fhat can best be obtained by performing invasive studie
ms evoked components time-locked to consonant release and voi itory cortex. L .

onset. In contrast, the syllable with a VOT of 20 ms evoked a markedly Important features of phonetic discrimination that mirr
diminished response to voicing onset and elicited an AEP very similarfiyman results occur in monkeys and other experimental

morphology to that evoked by the syllable with a 0-ms VOT. Similamals (e.g., Hienz et al. 1996; Kuhl and Padden 1983; Lottd
response features were observed in the AEPs evoked by click trainsaln1997; Sinnott et al. 1997; Sommers et al. 1992). Findir
this case, there was a marked decrease in amplitude of the transirth as these suggest that physiological studies in animalg
response to the second click in trains with interpulse intervals of 20—g8veal basic mechanisms underlying aspects of human sp
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ms. Speech-evoked AEPs recorded from the posterior superior temp '@\lception common to multiple species. Similarities in spe
gyrus lateral to Heschl’'s gyrus displayed comparable response feat

whereas field potentials recorded from three locations in the planm&

temporale did not contain components time-locked to voicing onset. T

o I Kluender and Lotto 1994; Kuhl and Miller 1978; Ku
study demonstrates that VOT at least partially is represented in pnm%&? r( s ’ '
and specific secondary auditory cortical fields by synchronized activigf!d Padden 1982; Sinnott and Adams 1987). VOT denotes

time-locked to consonant release and voicing onset. Furthermore, AftiBde interval between consonant release and the onset of
exhibit features that may facilitate categorical perception of stop condtequency periodicity in the speech sound generated by rh
nants, and these response patterns appear to be based on tempucaglottal pulsations. Voiced stop consonants (/b/, /d/, and
processing limitations within auditory cortex. Demonstrations of similagre characterized by short-duration VOTs, whereas unvoi
speech-evoked response patterns in animals support a role for thesgsonants (/p/, /t/, and /k/) contain longer VOTS. As the V(
experimental models in clarifying selected features of speech encodipg.increased in incremental steps, the perception abru
changes between 20 and 40 ms from a voiced consonant
INTRODUCTION /d/) to an unvoiced consonant (e.qg., /t/). This abrupt transit
) o . in consonant identification is an example of categorical spe
~ Recent technological advances have invigorated the invegsception, an essential feature of phonetic discrimination. |
tigation of neural mechanisms associated with speech percggiiity of animals to discriminate consonants differing in the

The costs of publication of this article were defrayed in part by the payment¥fo-r In a manner similar _tO humans t_arg_ets this phong
page charges. The article must therefore be hereby maddbftisemeritin ~ Parameter as a prime C?nd|date fqr e|UC|dat|n9 relevant ne
accordance with 18 U.S.C. Section 1734 solely to indicate this fact. events associated with its categorical perception.
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nd discrimination have been especially well documented
perception of the voice onset time (VOT) phonetic paramn-
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Studies undertaken in primary auditory cortex (Al) of theent. Research recordings did not disrupt simultaneous gatherin
awake macaque monkey have suggested a mechanismclifycally necessary data, and patients did not undergo any additi
which the VOT phonetic parameter can be encoded rapidlyﬁﬁk by participating in this study. Patient information is summariz
a categorical manner (Steinschneider et al. 1994, 1995 'nglgfltheAlrligr?tdhae rilijssgﬁgﬁgdaiﬂlzﬁtﬁc;fjoﬁ3fn'qr;|°ﬁ§§?r:$ré%$ﬂf
These studies found that a_cqustlcal transients aSSOCIatec_i pistandard audiometric test8atient 2complained that occasional
consonant release and voicing onset are represented in ures were precipitated by acoustic stimuli. Recording sess
temporal response patterns of neuronal ensembles. Consonggfs carried out in a quiet room in the Epilepsy Monitoring Unit
vowel syllables with short VOTs evoked short-latency rene University of lowa Hospitals and Clinics with the patients lyir
sponses primarily time-locked to consonant release alone.chinfortably in their hospital beds. Patients were awake and 3
contrast, consonant-vowel syllables with longer VOTs evokeletoughout the recordings but were not asked to perform any spe
responses at the same cortical loci time-locked to both congask beyond listening to the presented sounds. For all patients, clif

nant release and voicing onset. These neural patterns led tog¥uations ultimately indicated that Heschl's gyrus and nearby afidi-

hypothesis that categorical perception of consonants varyinﬁ%ﬁ/ cortical tissue were not epileptogenic foci and were not targe
their VOT is based partially on temporal encoding mechanisif surgical extirpation.

within Al. The occurrence of two transient response bursts )
time-locked to both consonant release and voicing onset wolt@cording methods

signal an unvoiced stop consonant, whereas voiced stop Cor]ﬁuditory evoked potentials (AEPs) were recorded at a gain of 5,(

sonants would be represented by a single response time-lockgflg headstage amplification followed by differential amplificati
only to consonant release. The VOT where the second respof€< Electronics, Germantown, MD). Specific methods varie
to voicing onset dissipates would denote the categorical bourghong the three subjects. This limitation was partly based on time
ary for this phonetic contrast. Of special note was the replicather technical constraints imposed by the clinical needs of the
tion of this activity pattern in the auditory evoked potentiaients as well as by an on-going process to optimize recording par|
(AEP), suggesting that similar responses could be recordecBifirs: Recordings were obtained patient 1from three EEG ring
humans. contacts spaced at 10 mm intervals incorporated into a depth elect

While speech-evoked activity in monkeys may be reIeva%rélggtggc'géh&g?T;:;ﬁg?;ls c%ynr\l/ixigdo?(t)lz?s ?grtr)]?)lgraall ?g'g:';
for phonetic encodmg of VOT. in humans, these obse_rvat|o erence electrode was a subdural grid electrode located on
could represent simply an epiphenomenon of acoustical tr@figersurface of the ipsilateral, anterior temporal lobe. AEPs wj
sient processing in Al. Support for the significance of theggcorded at a band-pass of 2-500 Hz (3 dB down, roll-off 6 d
responses would be a demonstration that similar activity paktave) and digitization rate of 1,000 Hzatient 2was studied with
terns occur in the human auditory cortex. Neurons in both Adbrid clinical-research depth electrodes implanted in the right H
and secondary auditory cortex can respond in select wayschfis gyrus and planum temporale (Howard et al. 1996a,b). Bipd
behaviorally relevant species-specific vocalizations (Raugcordings at three depths were performed from closely spaced
checker 1998; Rauschecker et al. 1995; Wang et al. 199!7)?932?509 refgor?i“?RCOdﬂtaC,tS inltaerslpertsed b'\i/ta\V;’eet“ thg Stﬁ”dard
Learning and neuronal response plasticity induced by expos contacts (Radionics, Burlington, at a band-pass
to behaviorally relevant sounds also modify the activity o]fl_ ,toog Hz and dl'g't'zdat'fn ra:e of 2”'05? Hz'ﬂ']” ?Oth pa.t'e”ft?:' de
auditory cortical cells (Ohl and Scheich 1997; Recanzone et’_%C rodes were placed steregtaxica’ly aiong he ong axis of 1esg

; : us. AEPs irpatient 3were obtained from a subdural grid electrog
1993; Weinberger 1997). Therefore response patterns geffffizeq over the lateral convexity of the posterior temporal lo

ated in human auditory cortex by biologically important spee¢Bferenced to the deepest low-impedance contact of a depth eleci
sounds may bear little resemblance to the activity profiles seggated anterior to Heschl's gyrus (band-pass, 1-3,000 Hz, digit
in the ndve monkey. This study investigates whether respongen rate, 2,000 Hz). This subdural electrode was chosen over 0|
patterns evoked by speech sounds varying in their VOT amerrounding contacts in the grid after preliminary mapping of AE|
similar in the monkey and human. Speech-evoked AEPs weigmonstrated focal activity restricted to this site. The relative in
recorded directly from human auditory cortex in three patientiity of the reference was determined by recording speech-evo
undergoing evaluation for surgical intervention of medicall EPs between th.IS site and a subdural electrode located bengat
intractable epilepsy. Specifically, we tested the hypothesis thgPoral lobe. fF'e'd potentials were CO'.“p”lter averaged using
acoustical transients associated with consonant release %’F\%ys's time of 1,000 ms (300 ms prestimulus) patient 1or an
voicing onset are represented by temporally discrete responses. 1 patient summary

in human auditory cortex. Further, we tested whether these

responses would display categorical-like features similar to Language
those seen in the monkey. Subject  Age Sex Dominance* Seizure Types
1 32 M Left Complex partial (20)

METHODS 2 30 F Left Complex partial (13)

. 3 37 M Bilateral Complex partial, generalized
Subjects tonic-clonic (24)

Three right-handed patients with medically intractable epilepssHbiect Recording Electrodes

were studied. Experimental protocols were approved by the Univer- - ) o '
sity of lowa Human Subjects Review Board and reviewed by the ! Depth electrode in right Heschl's gyrus; right posterior

. . . . superior temporal gyrus subdural grid electrodes
National Institutes of Health and informed consent was obtained from , Depth electrodes in right Heschl's gyrus and planum tempor
eaCh SUbJeCt before thelr pal’tICIpatIOI’l. SubjectS underwent p|acemen§ R|ght posterior Superior tempora| gyrus subdural gnd electro

of intracranial electrodes for acquiring diagnostic electroencephato-
graphic (EEG) information required to plan subsequent surgical treatbDuration of seizures in years is in parentheses. * AngioWADA test.
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Fic. 1. Anatomic data demonstrating the locations of the
intracortical electrodes ipatient 2. Electrode configuration
with 3 electroencephalographic (EEG) recording contacts
0, ando) and multiple microelectrode recording sites is d
picted in the schematic diagrark)( Coronal magnetic reso-
nance imaging (MRI) images anterioA)( middle @), and
posterior C) show locations of the 3 EEG contacts of the mo
anteriorly positioned electrode (E1) within right-sided He
chl's gyrus.D: schematic view of the tracks for the E1 eled
trode and an additional probe placed in the planum tempor
(E2). Diagram represents a scaled tracing of a 3-dimensio
MRI image of the exposed superior temporal plaBesche-
matic of the intracortical electrode. Recordings were obtaing
from the low-impedance contactspatient 1(depths 1-8 and
3 of the high-impedance sites patient 2(depths 4—§
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analysis time of 500 ms (25 ms prestimulus) fmtients 2and 3.  the parallel branch of a KLSYN88a speech synthesizer. Frequg
Averages were generated from 50 to 75 stimulus presentations, ahdracteristics of the voiced consonant-vowel (CV) syllables (/k
high-amplitude artifacts led to automatic rejection of the presentatifga/, and /da/) have been published previously (Steinschneider gt
for inclusion into the averaged responses. Raw EEG and appropria@®sa). Steady-state formant frequencies were 700, 1,200, 2,500
timing pulses were stored on a multichannel FM tape recorder (Racb00 Hz. Onset frequencies for the second (F2) and third (F
Irvine, CA) for subsequent analysis. An independent search for iSgrmants of /ba/ were 800 and 2,000 Hz and 1,600 and 3,000 Hz
lated single units and their responses to pure tones also was performpggl Starting frequencies for /ga/ were 1,600 and 2,000 Hz. Opset
n paraIIeI_W|th th_|s AEP experiment (Howard et al. 1_99661)' . frequency of the first formant (F1) was 200 Hz for all syllables. 1
Anatomic locations of all recording sites were identified on postim:_ h<ition duration was 30 ms and 40 ms for F2 and F3 transitidns
gfs?ﬁgttf:im;sﬁt;{;; ri)p:gfig?\?rzeoflstr:guiﬁtﬁgI:enctI:cln%els‘ i‘é\’mgzcﬁ:ﬁg\formant structure was such that /ba/ and /da/ had diffuse onset sppctr
ARE maximal at either low or high frequencies, whereas /ga/ had a compact]
gyrus anq the planum temporale. The cqronal MR?' s¢ show nset spectrum maximal at intermediate values (Stevens and Blum-
the locations of the three EEG contacts in Heschl’s gyrus, denotedg}gin 1978). The unvoiced CV syllables (/pa/, /ka/, and /tal) were
the geometric shapes in the images. Figubdsla schematic diagram identical to their voiced counterparts except for an increase in fthe
of the superior temporal plane, and the tracks for the electrode T from 5 to 40 ms. The first 5 ms of all six syllables consisted fof

SHCethgla‘c{i ngfﬂtﬁ e(iEtlrLcaonr(tji cs:aqu(r:?r c:gemigosfﬁgewgziﬁ)lggt%; tzﬁr':\e frication. For the unvoiced CV syllables, the next 35 ms contairjed
- aspiration noise. The second set of speech stimuli were three formant

recording contacts ipatient 1are denoted adepths 1-3whereas llables /da/ and /ta/ produced at the Haskins Laboratories (New

depths 4—@indicate the three recording sites with high-impedan . . . ;
wires from which AEPs were recorded jratient 2. Clé(aven, CT). Five syllables with VOT varying from 0 to 80 ms in

ms increments were created. Specific parameters of the sounds jhav
been published (Steinschneider et al. 1995b). Steady-state forfnan
Stimuli frequencies were 817 Hz for F1, 1,181 Hz for F2, and 2,632 Hz for|F3
and onset frequencies were 200, 1,835, and 3,439 Hz. All syllables

Two sets of synthetic speech stimuli previously used in primateere 175 ms in duration and presented by computer. They were
studies were presented to the subjects. The first set consisted of alidghvered binaurally by insert ear phones (Etmotic Research, Elk
stop consonants followed by the vowel /a/. They were constructed @Gnove Village, IL) in patient 1and to the ear contralateral to thg
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recording sites by a Koss K240DF headphone coupled to a 4-cm Depth 1
cushion inpatients 2and 3. Syllable intensity was 70 dB SPL for
patient 1and 80 dB SPL for the other two subjects. Perceptual testing ¢

of multiple listeners in the laboratory of the lead investigator indicated
that syllables with a VOT of 0 and 20 ms consistently sounded like
/da/, whereas those with a longer VOT were perceived as /ta/. Infor-
mal questioning opatient 2during recording yielded identical per-
ceptions, whereggatient 3gave variable responses only for /da/ with
the 20-ms VOT, indicating that this stimulus was near the perceptual
boundary.Patient 1was not questioned. 3 *
IGA/

RESULTS

Neural representation of stop consonant-vowel syllables in
Heschl's gyrus

Voiced CV syllables (/ba/, /ga/, and /da/) elicit a triphasic
sequence of field potentials in Heschl’s gyrus. These potentials
are not specific to speech sounds and occur in response to other
sounds such as tone and noise bursts. AEPs are illustrated;ma,
Fig. 2, which depictgatient 1responses evoked by the six
voiced and unvoiced stop CV syllables recorded simulta-
neously from the three EEG contacts within Heschl's gyrus.
Onset and peak latencies of the three AEP components gy
earlier at more medial recording sites. Cortical activity begins
at 11-12 ms at the most medial depth recording siepth 2,
and 19-21 ms at more lateral siteepths 2and3). The first
component is a small wave of positive polarity (wave A) thatTa/
peaks at 26-28 ms depth 1,34—-37 ms atlepth 2,and 43—-47
ms atdepth 3.An additional positive deflection peaking at
55-59 ms also can be observeddapth 2.These positive ;
waves are followed by a large amplitude negativity (wave B) S S AN SNENN SE— N RSALERRARASE
peaking at 56 —62 ms depth 1and 88—-95 ms at the other two ~ ™ec ° 10 200 300 o 100 200 300 o 10 200 300
sites. The third component is a large amplitude positivity Fic. 2. Patient 1 auditory evoked potentials (AEPs) evoked by the 6 st

/DA/

.
Iso Y

(wave C) peaking at 140 ms at depth 1, and 144—155 msc@fsonant-vowel (CV) syllables and recorded from 3 low-impedance electr

" : : _ : sites in Heschl's gyrudepth lis the most medial site, wheredspths 2and
depths 2and3. Additional potentials time-locked to StImUIUSS are progressively more anterolateral in increments of 10 mm. Respq

offset CQndUde the responses (asterisks). _ morphology is similar for the AEPs elicited by the 3 voiced CV syllables, /b

Unvoiced CV syllables (/pa/, /ka/, and/ta/) evoke a differemja/, and /da/, and contains 3 components (A, B, and C). A negativity evo
pattern of activity that reflects both stimulus onset and thg syllable offset concludes the responses (asterisks). AEPs evoked by
onset of Voicing (Fig. 2). Thus the initial activity elicited byqnvomed CV syllables, /pal, /ka/, and /ta/, contain additional componq

time-locked to voicing onset (solid and unfilled arrows). Separation betwg

consonant onset consists of the same positive wave A. HOtWéinitiaI waves and these latter components equal the 40-ms voice onset]

ever, the following negativity (wave B) is truncated and reyoT). Arrowheads jusabovethe timelines denote stimulus onset and offsg¢

placed by a positive-going (solid arrows) and a negative-going for all figures, electrical positivity is upward.

wave (unfilled arrows) time-locked to the 40 ms VOT. Addi-

tionally, wave C peaks 40 ms later than when elicited bynd 37 ms for /ba/. A preceding positivity is present in t

voiced CV syllables. These findings indicate that VOT igesponse to /da/ that peaks at 16 ms and can be seen

represented in Heschl's gyrus by synchronized activity timgositive deflection on the other responses. Wave B follows

locked to the onset of consonant release and voicing onsetnitial activity and peaks at 54 ms for /da/, 57 ms for /ga/, &
Observations are extended by the AEPs recorded at the thé8ems for /ba/. Wave C peaks between 102 and 108 ms.

locations in Heschl's gyrus gfatient 2(Fig. 3). Because thesenear-field responses also contain superimposed, low-amplijudg

AEPs are recorded between adjacent high-impedance contagts/es phase-locked to the syllable fundamental frequegky
amplitudes of the responses are diminished, depicted polaRgsponse components time-locked to the offset of the sylla
of the waveforms is arbitrary, and phase shifts of the responsmclude the response. No consistent response time-locke
peaks are likely. The strength of this method is the markeicing onset is present. AEPs depth 5,located 6 mm
attenuation of far-field potentials and accentuation of locahterolateral frondepth 4,are dominated by a near-field com

activity at the recording sites. Field potentialsdapth 4,the ponent with peak latencies of 63—66 ms that overlap in tijne

most medial of the recording sites, are illustrated with a resith wave B. Low-amplitude oscillatory activity phase-locke
cording montage that places the electrode contact evoking thethe syllable § is superimposed on the slower componen
largest amplitude response as the “active” electrode (contlct responses to voicing onset are also absent.

2), and the contact eliciting the smallest response as the refertocal field potentials evoked by the voiced CV syllables
ence. With this montage, waves A—-C are clearly identifiedepth 6,14 mm anterolateral frondepth 4,contain a large
Peak latencies for wave A are 27 ms for /da/, 28 ms for /gaimplitude positive wave peaking at 42—47 ms. The posit
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Depth 4 Depth 5 Depth 6 response indicated in Fig. 3). Similarly, the largest initigl
response to the unvoiced CV syllables is to /ka/ followed py
/ta/l and /pal. This pattern is generally consistent with the

80
spectral content at consonant release for the syllables and thg
tonotopic sensitivity of the sites. /Ga/ and /ka/ have a specfral
maximum at midfrequencies that overlap the maximum tdne
sensitivity ofdepth 4.In contrast, the simultaneous recordings
61
M

174

/BA/

to the CV syllables atdepth 6 are maximal to the labial
100
consonants /b/ and /p/. These consonants have energy comcen-

trated in lower frequencies that overlap the tonal sensitivity| of

o M the site. Note that the additional responsedegith 6reflecting
the extended VOT for the unvoiced CV syllables are presgnt
100 regardless of the preceding consonant place of articulatjon.
/DA These findings suggest parallel representation for the spegtra
/ feature of place of articulation and the temporal feature|of
m\/ J/ preferentially represented in lower best frequency regiong of

topic sensitivity adepth 6suggests that voicing onset may He
Heschl's gyrus.
KA/

Neural representation of VOT in Heschl's gyrus

AEPs atdepth 6also exhibit marked changes in respon
9 morphology that suggest a differential representation of V
evoked by the voiced consonant /d/ and the unvoiced cor
nant /t/ (Fig. 4). Figure 4left, depicts the responses to th
syllables /da/ and /ta/ with VOTs of 0—80 ms in 20 n

P p8poeaiimoq

B
41
voicing onset in human auditory cortex. Furthermore, the topo-
33
IPA/
69
41
‘

110 Y Jrowv

A M A\ A \

] e ] T e )
msec 0 100 200 0o 100 200 o 100 200 Full-Pass

Fic. 3. Patient 2 AEPs evoked by the 6 stop CV syllables and recorded
from 3 high-impedance electrode sites in Heschl's gyrus. Responses at the
most medial locationdepth 4,contain AEP components similar to those seen
in patient 1(Fig. 2). Responses reflecting the extended VOT for the unvoicedpa; g
CV syllables are restricted to the lateral silepth 6(—). Numbersabovethe
initial AEP components adepths 4and6 denote the percent of maximum for
these responses. In relation to the independently determined tonotopic sensi-
tivity of these sites, the AEPs to syllables reflect the spectral characteristics of
the stop consonants. See text for details. /DA/ 20

A

Depth 6

High-Pass

wave is followed by a large negativity with variable peak
latency (62—86 ms), which in turn is succeeded by a later
positivity peaking at 134—144 ms for the voiced CV syllables/TA/ 40
These components overlap in time with waves A—C recorded at

the lateral sites ippatient 1.The most relevant finding at this

site is the additional positivity time-locked to voicing onset for as gg
the three unvoiced CV syllables). This finding, based on
bipolar recordings between adjacent contacts, indicates that
representation of VOT by synchronized activity to consonant
release and voicing onset can occur at the same auditopy,, gg
cortical sites.

Spectral features of the CV syllables also are reflected at
these sites. These findings mirror previous observations in the
monkey (Steinschneider et al. 1995a). Independent analysis A v A v
detected and isolated multiple unitsapths 4and 6. Maxi- mseo 0 100 200 o e om0
mum tone responses of these unlt_s were 2i2!252 and Fic. 4. Patient 2 categorical-like AEPs evoked by the 5 CV syllables thf
736 = 91 Hz (meanst SD), respectively, and are in accordsary in their VOT and recorded frordepth 6.AEPs evoked by the 3 /ta/
with findings that higher frequencies are encoded at masimuli contain positive-going response components time-locked to consofiant
posteromedial locaions in fuman A1 (Howard ef al 1996 e e (D0 W e 20 YO s Tt e
The InltlE_—:tI_ c_omponent in the A.EP IS Iarg_est tQ /Q?Uepth 4 voicing onsgt. These effectgs are dbserved in the fuII—Ff)requency I?NavefO'ms
The positivity evoked by /ba/ is almost identical in amplitud

. g _ @eft), and the AEPs high-pass filtereel0 Hz to minimize the slower fre-
but is reduced to only 41% in the response to /da/ (% maximujiency componentsight).
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increments. Field potentials evoked by the /ta/ stimuli with 40whereas those evoked by CV syllables with prolonged VQTs
60-, and 80-ms VOTs contain two positive polarity compcelicit profoundly different responses.
nents that are time-locked to stimulus onset and the onset oPrevious studies examining magnetic responses evoked by
voicing («<>). There is a progressive 20 ms shift of the secorgyllables or two-tone analogues of the VOT continuum h{ve
component time-locked to voicing onset as the VOT is reduceeported a categorical-like decrease in amplitude for the major
from 80 to 60 and 40 ms. In contrast, the AEP evoked by /dséirface negative wave when VOT or tone separation incregseg
with the 20-ms VOT fails to exhibit a discrete response timérom 20 to 40 ms (Simos et al. 1998a—c). Data from thgse
locked to voicing onset. The expected location of this responsteidies were acquired after low-pass filtering to improve sigpal
is marked by the single-headed arrow. To ensure that theality. We examined whether equivalent findings would pe
time-locked response to voicing onset is not masked by tdemonstrated in the intracortical data by digitally filtering the
large-amplitude negative slow wave that follows the initiadyllable-evoked response®20 Hz, thus mimicking AEPs thal
positivity, the AEPs were high-pass filteredLO Hz. This filter might be observed with scalp recordings using typical filfer
setting was chosen after Fourier analysis indicated that thettings. Filtered AEPs recordeddepth 2are shown in Fig.
slow wave energy was.10 Hz. Filtered responses are showBD. Similar to the noninvasive recordings of the previolis
in Fig. 4, right. The /ta/ stimuli still evoke response compostudies, there is a decrease in the pefl 4nd trough-to-peak
nents time-locked to both consonant release and voicing onaetplitudes for only the responses evoked by the prolonged
(=), whereas /da/ with the 20-ms VOT fails to evoke a discre¥OT stimuli. Additionally, two sequential positive waves sep-
response to voicing onset). Instead, the initial positive arated by the VOT interval are only observed for the responises|
wave contains a shoulder of activity marking the location of thevoked by /ta/ (*). These findings support the noninvasivgly
response to voicing onset. acquired data and suggest that one reason for the amplijude
Similar changes in AEP morphology are replicated in th#ecrement is a truncation of the principal slow waves by the
field potentials recorded by the low-impedance electrode cdntroduction of components time-locked to voicing onset fpo§
tacts inpatient 1(Fig. 5). AEPs evoked by the stimuli with athe /ta/ stimuli.
prolonged VOT (40—80 ms) and recordeddaipth 2display Results for the low-pass filtered AEPs at all three depths
positive (solid arrow) and negative (asterisk) components timgatient 1were quantified by measuring the maximum baseli
locked to voicing onset that are delayed from the initial rde-positive peak and trough-to-peak deflections in the wa
sponse complex by an amount equal to the VOT. The syllabitems. For both measures, there is a dramatic reductior
with the 20-ms VOT does not elicit a well-defined response tmplitude of the slow wave when VOT increases from 20 to
voicing onset (open arrow) and instead evokes a response moee at all three sites (Fig. 7). The summed trough-to-p4g
similar to that evoked by /da/ with the 0-ms VOT. The sylla-
bles evoke a similar pattern of activity depth 3,though the Depth 1 Depth 2 Depth 3
response to voicing onset for the 40-ms VOT stimulus is seen
only as a positive-going deflection on the following positivity
(—). Although differences are noted in the AEPslapth 1no voT
pattern reflecting a discrete representation of voicing onset is (Msee
evident. This suggests that the synchronized response pattébd/ 0
reflecting VOT is generated in specific regions of auditory
cortex and is supported by a similar localization of activity
exhibited in the AEPs recorded fropatient 2.
Findings are highlighted by the 10-Hz high-pass-filtereg,, »o
AEPs evoked by the VOT series and recorded frbepths 2
and 1 (Fig. 6, A and B). Activity at depth 2(A) contains
prominent positive waves time-locked to voicing onset for the
three stimuli with more prolonged VOTs<), whereas a 4 49
markedly diminished positivity, barely above baseline, is
evoked by the syllable with the 20-ms VOT. In contrast,
simultaneously recorded activity atepth 1 (B) consists of
prominenton components and oscillatory responses phasé€?’ 60
locked to the syllablejfthat occur after a nearly constant delay
after the response to consonant onset. Additional evidence
revealing major differences between the responses evoked oy 8o
consonants with short and long VOTSs is showndnThese
waveforms are derived by subtracting the response evoked by 30 W
the completely voiced syllable /da/ with the 0-ms VOT from S e S SN R S SN
each of the other AEPs. The waveforms derived using the ms o 10 200 a0 TR ac'm TR
Ita/-evoked responses contain a large-amplitude negative waus. 5. AEPs evoked by the syllables varying in their VOT and recorded
that shifts in peak latency by increments of 20 ms as the VO1eschl's gyrus opatient 1also exhibit categorical-like features. Activitydepths
is increased by identical amounts. These waves are dimin- 2 and 3 contain positive-going (solid arrows) and negative-going (asterisks)

ponents time-locked to voicing onset. These components are absent ih the
ished markedly when the response is derived from the A[ir;ggonses to the stimulus with the 20-ms VOT. Instead, the stimuli with a 0- pnd

evoked by the syllable with the 20-ms VOT. Thus, activitgo.ms voT evoke AEPs with similar morphologies. The unfilled arrow marks fhe
evoked by the two short VOT syllables are nearly identicabcation of the expected positive-going wavedapth 2.
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excursion was maximal for the syllables with the 0-ms (100%) Amplitude Of Maximum Response
and 20-ms (94%) VOTs. Syllables with the 40-, 60-, and 80-ms 100
VOT intervals elicited responses 65, 52, and 54% of maxi-
mum, respectively. When baseline-to-peak measurements wege 90
made, syllables with the 0- and 20-ms VOT intervals evoke&
the largest responses (99 and 100%, respectively). Evoked 80
responses for the 40-, 60-, and 80-ms VOT stimuli were 70, 42 70 De
. . pth 1
and 52% of maximum, respectively.

60
; ; : h-to-Peak
Heschl’'s gyrus responses evoked by acoustic transients Sum Trough-to-Pea

embedded in click trains

% Maximu

50 Sum Baseline-to-Peak

Depth 3
The previous data indicate that acoustic transients evoked by 40 Depth 2
the onsets of consonant release and voicing are represented

partially by synchronized responses within auditory cortex.

Furthermore, the markedly diminished response evoked by 20 0 o 8
VOT (msec)
A Depth 2: High-Pass C Depth 2: Subtraction AEPs FIG. 7. Amplitudes of the trough-to-peak excursions of the major AEP
positivity at all 3 depths recorded jatient 1.For all sites and for their sum,
IDA/ 0 W/\ ’DA’ZO"DA’O\/\\/\/\/\ there is a nonlinear drop in amplitude as VOT changes from 0 to 40 ms. This
. pattern mirrors identification functions observed for the categorical percepfion
/DAJ 20 »\/‘v\\i/’”\w/\/\ ITA7 40 - DA/ O of voiced from unvoiced stop consonants. -
‘4 o
voicing onset embedded in the syllable with the 20-ms VOF
[TA 40 suggests that there is a relative refractory time after stimylgs
v 1TAJ 60 - DA/ 0 AN onset when it is difficult to generate a second transient [rg
- W sponse. This refractory peri_od may be partially re_zsponsible fg[
[TAJ 80 - IDAV 0 defining the psychoacoustical boundary for voiced and (i
]ZWV > voiced stop consonants. To further investigate this pheno -
ITA/ 80 EX LN non, the ability of auditory cortex to respond to acous}ig
transients in the form of click trains was examinegatient 2 éwT
e e (Fig. 8). Phase-locked responses to the individual clicks weg
msec 0 w20 30 meec 0 o200 present at rates up to 50 Hz éépths 5and 6 and 100 Hz at |8
B Depth 1: High-Pass D Depth 2: Low-Pass depth 4.Additionally, lower frequency click trains evokedS
N well-defined second transient responses (solid arrows). Hpw-
| ever, there was a marked decrease in amplitude of the se¢&dl
/DA/ 0 DA O phase-locked response at 40 and 50 Hz (unfilled arroysg,
corresponding to an interpulse interval of 20—25 ms. Furthéz,
/DAY 20 DA/ 20 l the AEPs evoked by these click trains are similar in mprpho&
ogy to that evoked by the 100-Hz train. High-pass filtering the
A/ 40 x Y AEPs>10 Hz als_o faileq toreveal a transie.nt response peak 1o
ITA 40 i the second click in the higher frequency trains. The presencp®f
T/ 60 . A time-locked activity to the individual clicks later in the wava-
ITA 60 -\/\A/\/\ forms, including trains of higher rates, suggest that stimujus
ITA/ 80 [ow « | onset engages a sequence of cortical events that inhibit| the
204 ITA/ 80 generation of a transient response within a time window simjlar
SN NN AN 1 {0 that of the VOT boundary.
msec 0 100 200 300 msec 0 100 200 300
2 aiso dispiay marked diferences in the ampitude of the postiity tme? O T TEPTEsentation in nonprimary auditory cortex
e e ek e ey o i o e e Speech-evoked AEPS recorded from subdural sirp elec-
syllable.B: simultaneously recorded high-pass filtered AEPeatth 1do not  trodes placed on the lateral surface of the superior temppral

exhibit responses reflecting the VOT and instead contain an initial resporiggrus inpatients land3 also contain features that accentugte

time-locked to consonant release followed by oscillations phase-locked to #i¢ferences between syllables with short and long VOTs (H
fundamental frequencyC: depth 2waveforms generated by subtracting theg, patient 3 The illustrated electrode site was located lateral

AEP evoked by the completely voiced syllable, /da/ with the 0-ms VOT, fro F in of H hl onlv th labl
waveforms elicited by the other syllables. A large component time-locked t9€ POSterior margin of Heschl’s gyrus. Only the syllables w

voicing onset is only present for comparisons between activity of the &/ VOT of 40 to 80 ms evoke two positive waves separated
stimuli and /da/ with the 0-ms VOT{). D: AEPs atdepth 2low-pass filtered an interval equal to the VOTA( 2nd peak denoted by solig
below 20 Hz to mirror recording parameters of noninvasive recordings alaqrows)_ These positive waves are preceded by two negd

demonstrate categorical-like features. Positive-going waves time-locked . :
syllable and voicing onset are only evoked by the /ta/ stimuli (*). Note th\é&ves the separation of which also equals the extended V/

decrease in amplitude of the major positivity with the /ta/ stimyl)( See text |U ComraStg.the syllables With a VOT of 0 and 20 ms e"Ci_t
for detalils. single positive and negative wave complex. AEPs were hi

ig.
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Depth 4 Depth 5 Depth 6 Several considerations suggest that the VOT-related actipity
¥ y recorded from the lateral subdural region reflect local fe-
Hz sponses and not just far-field AEPs generated in Heschl's
¥ gyrus. First, the reference electrode for the subdural recordings
10 shown in Fig. 9 failed to record AEPs that reflected syllaljle
VOT when it was referenced to a subdural electrode located on
J the inferior surface of the temporal lobe. The absence| of
¥ 4 relevant activity emphasizes the focal nature of the resporjses
20 encoding VOT and indicates that the previous AEPs primatfily
were generated by activity recorded from the lateral surface
Y subdural electrode. Furthermore, AEPs recorded from the gub-
25 V) dural site and evoked by click trains contained fundamentally
’ different patterns than that seen in Heschl's gyrus (Fig). 9
M Whereas well-defined phase-locked responses that dimihish
with increasing frequency (low-pass) were recorded from Hle-
40
W 4 Jw A Full-Pass C Subtraction AEPs
DA/ 20 - /DA/ 0
50 ¢ /DA O ITA/ 40-IDA/O o
é - /TAIGO—/DAIOA/\ A §
100 W /DA 20 \ [TA80 - IDA/ 0 \/ sag_:
- )
Izouv [10 v J20 uv /TA/4o\f/W T15 v U TSN |1
S Y U ZUN A S 2R \ [ msec 0 100 200 30 | 3
msec 0 100 200 o 00 200 . 0 100 200 A/ 60 D Click Trains |3
Fic. 8. AEPs evoked by click trains of various ratésftj and recorded at \ o 10wV 10 -3
the 3 depths irpatient 2.Prominent components time-locked to the 2nd click/TA/ 80 V\/\I\[N/ 20 W <
in the trains are only present for rates#0-50 Hz (solid arrows). Unfilled AN v,
arrows mark the locations of the expected responses to the 2nd click at the 7 SN A — 25 W\/\”‘V\v\/\ g
higher rates. Note that phase-locked activity to the faster rates is present later Msec 0 100 200 300 400 Q
in the waveforms, indicating that auditory cortex is capable of generating thed8 High-Pass 33 W E
responses. See text for details. 40 a
/DA 0 W o
pass filtered>10 Hz to investigate whether similar waves are Ww 50 \N\N\'\’\/\W >
masked by slower frequency components for the 20-ms VODA/ 20 W t§
stimulus B). Again, the stimuli with prolonged VOTs evoke . & \/\”/\\Mf/\/v 2
two prominent positive waves time-locked to consonant releageV 40 M\/\NW IS
and voicing onset). The filtered AEP evoked by the syllable s 100 N
with the 20-ms VOT contains only a single positive waveTta/ 60 W/ 3
preceded by a small positive-going deflection embedded in the W 125
initial negativity (asterisk). Similar findings also were observegra, so W [1ouv
in the high-pass filtered AEPs recorded from the subdural N v . v
electrodes overlying the posterior portion of the superior tem- e & 100 200 sbo msec O 100 200 300

poral gyrus inpatient 1(n0t _Shown)' FIG. 9. A: patient 3 full-pass AEPs evoked by /da/ and /ta/ recorded a

Response components linearly related to the VOT also &{dural electrode located on the lateral convexity of the superior temp
present in the waveforms, indicating that auditory cortex ggrus, adjacent to the posterior margin of Heschl's gyrus. Marked changg
capable of generating responses that differentiate amongt%mporal representation of VOT are observed with positive-going compon

’ ; ; ~-only present for the /ta/ stimuli (solid arrows). A progressive, and noncateg|
five syllables regardless of their consonant perception. This I5"; - i the latency of the following negativity is also seen (unfil

evidentin the progres_siv_e 20-ms shift of the later neQati\_/e A'—%@r(’)ws).B: high-pass filtered AEPs also demonstrate a pronounced chang
component as VOT is increased from 0 to 80 ms (Fi8, 9amplitude of the response evoked by voicing onset with responses time-lo
unfilled arrows). Additionally, a significant difference wave igo consonant release and voicing onset only present for the /ta/ stimuli (dou
generated when /da/ with the 0-ms VOT is subtracted from tfgaded arrows). Twenty-millisecond VOT stimulus only evokes a small p
llable with the 20-ms VOTQ) The difference wave in- itive deﬂectl_on (asterisk) that precedes the fo_IIowmg posﬂnﬁl_ysubtractlon

Sy et : . . waveforms illustrate that although /ta/ stimuli evoke a prominent respons
cludes a positive component that shifts in peak latency wilSicing onset (asterisks), a similar but smaller wave is elicited when compa|
VOT (asterisks). Although this component is present in thise AEPs evoked by the 2 short VOT syllablés. AEPs evoked by click
difference wave between the two short VOT syllables it fgins. In contrast to the low-pass characteristics of the click train-evo

0 ; ! sponses in Heschl's gyrus (Fig. 8), those at this site are predoming
only 52% of the peak amphtgde .generated fro.m /taj. with tI‘L nd-pass limited~40-50 Hz. This suggests that the AEPs recorded at {
60-ms VOT- The other /ta/ St[mU“ evoke a positive differencgte are generated by a nonprimary auditory cortical field and are not reflect
wave that is 85% of the maximum. of volume-conducted activity from Heschl’s gyrus.
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schl's gyrus (Fig. 8), very weak phase-locking was present tidi located on either side of a perceptual boundary (Studdert-
low-frequency click trains. In contrast, phase-locked respondésnnedy et al. 1970). In this scheme, rapid segregation into
at the lateral subdural site were maximal to click train rates oategories of voiced and unvoiced stop consonants could be
40 and 50 Hz, demonstrating band-pass characterisics @ccomplished by determining whether the syllable evokes pne
arrows). or two discrete response bursts to consonant release and yoig
AEPs also were recorded from three high-impedance siteg onset. Heightened discrimination around the percepfual
on an electrode placed in the planum temporalgatient 2 boundary would be based on comparisons between syllaples
(not shown). Waveforms evoked by the syllables consisted thfat evoke one versus two response bursts. In contrast, disdrim
a triphasic complex with peaks at 33, 61, and 107 ms. Latenicyation between two consonants located on the same side of the
differences between medial and lateral recording sites were petceptual boundary would require the more difficult task |of
observed. Surprisingly, speech sounds failed to elicit resportsenparing responses with a similar temporal response patfern

amplitude. were observed, and the /ta/ stimuli could conceivably be

DISCUSSION

Re'ationship to perceptua' investigations AEP profiles demarcating EnglISh 'Ianguage voiced fr

Numerous psychoacoustical studies have established the aneacoustic boundary reflecting constraints imposed on t
portance of VOT as a cue for the perceptual discrimination pbral processing in the auditory cortex. For instance, m
voiced from unvoiced English stop consonants (e.g., Borskylahguages use a different voicing contrast from that use
al. 1998; Lisker 1975; Summerfield and Haggard 1977). Thisnglish, with a distinction made between prevoiced stop ¢
study demonstrates that the VOT temporal cue is representeda@tants (vocal cord vibrations precede consonant release
least partly within auditory cortex by synchronized responsésose with a short VOT. Studies in both adults and you

o7

onset becomes obvious is the same VOT at which the percég- categorical-like VOT discrimination in animals, whic
tual boundary occurs in most listeners. Present findings do rtgarly do not possess language-specific capacities (Kuhl

the importance of speech parameters other than VOT (e.g., ltsthis classic study, Hirsh (1959) found that a 15 to 20
formant onset frequency), for making the discrimination cfeparation in the onset of two sounds was required for their
voiced from unvoiced stop consonants (Liberman et al. 1958mporal sequence to be perceived. Subsequent studies fpunf
McClaskey et al. 1983; Pegg and Werker 1997; Soli 1988ategorical perception with boundaries similar to those |of
Summerfield and Haggard 1977; Treisman et al. 1995). F@peech for the temporal ordering of various other nonspegch
thermore, present results need to be tempered by the fact gtahuli (e.g., Formby et al. 1993; Miller et al. 1976; Phillips ¢t
epileptic foci were located in nearby tissue and may haeak 1997; Pisoni 1977; Stevens and Klatt 1974). Our findirjgs
disrupted normal auditory cortical function and that AEPs wesriggest that these perceptual limitations are manifested in
recorded from variable sites in the nondominant right hemauditory cortex by a threshold for generating discrete resporjses
sphere. Additionally, recording paradigms did not allow AER the onsets of consonant release and voicing onset. [The
patterns to be correlated tightly with perceptual responsesarkedly decreased amplitude of a response to the second tlich
Despite these procedural limitations, results imply that audi trains with rates of 40-50 Hz reinforces this suggestion
tory cortex is activated in synchronized fashion by temporal
speech features and that these components need to be in
porated into neural models that characterize initial stages o
language perception. Timing and morphology of the intracranial AEPs observed
Temporal activity patterns representing VOT may contribufa this study are consistent with previously reported valugs,
to categorical perception, wherein stimuli drawn from a physuggesting that although recording sites are limited, they rep-
ical continuum naturally segregate into discrete categories, aedent a valid sample of activity in human auditory cortgx.
there is an increase in perceptual discrimination between sti@nset of activity evoked by clicks in Heschl's gyrus is 8—10

ationship to physiological investigations

A%
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ms (Liegeois-Chauvel et al. 1991), compared with 11-12 nsgich, it requires interaction between the two response conjpo-
for the syllables. The slightly prolonged latency may reflect theents, wherein activation evoked by the initial portion of the
slower rise time and lower frequency content of the speestimulus (e.g., consonant release) modifies the ability to gen-
sounds relative to clicks. The increase in latency as recordirgrsite a response to the second stimulus segment (e.g., vo|cing
shift from more medial to lateral sites in Heschl's gyrus sumnset). The ability of stimuli with disparate frequency compp-

lateral Heschl's gyrus (Ligeois-Chauvel et al. 1994). Polarity-temporale of one patient did not reflect the VOT of the syl
inversion of waves A—-C from previously reported AEP combles. While this observation is consistent with previous fi

and be confirmed by direct intracranial recordings. convexity of the posterior superior temporal gyrus maintgif
Given these concerns, it is worthwhile to examine othéemporal representation of VOT supports the evolving conc|
reports of VOT encoding by responses time-locked to bothat lateral belt areas of auditory cortex participate in {
consonant release and voicing onset (Kaukoranta et al. 19Bdttern recognition of sound, including speech (Rausched
Kuriki et al. 1995). Both studies concluded that the magneti®98; Rauschecker et al. 1995) In this model of cortical soliid
responses equivalent to the N100 AEP component (N100encoding, auditory cortex is organized into hierarchig
and evoked by the two speech components were generatedstogams of processing that occur within distinct pathwayS
separate sources in auditory cortex. The same conclusion \ggatial features of sounds activate a dorsal pathway leading tg
reached from analysis of magnetic responses evoked by a ndee parietal cortex, whereas spectral and temporal patterns o
burst-square wave complex and two-tone stimuli, both analcemplex sounds are represented in parallel within a venfral
gous to syllables varying in their VOT (Mela et al. 1988; pathway that includes regions of the lateral superior tempgral
Simos et al. 1998a). The latter two studies are especiaflyrus. Functional neuroimaging studies demonstrating grepte
relevant because they also report categorical-like changesaativation of the lateral superior temporal gyrus bilaterally with
the amplitude of the N100m with a temporal boundary afomplex acoustic stimuli from that evoked by simple tones|or
20-30 ms (see also Simos et al. 1998b,c). These conclusiongse bursts add additional support for the existence of a
are not wholly supported by the present data. Locally generatezhtral pathway involved in the pattern recognition of soupd
AEPs contain comparable response features reflecting V(8trainer et al. 1997; Zatorre et al. 1992).
that are due to activity from single sources within auditory A critical facet of this study is its complementary relatio
cortex. Present findings indicate that the nonlinear decreasesliip with work performed in experimental animals (for revieyy,
component amplitude is based on attenuation of the slowsse Phillips 1998). Temporal representation of VOT in the
waves by new responses time-locked to voicing onset whieaman AEP lends relevance to similar findings in Al pf
VOT is more prolonged than 20 ms. In similar manner, cateionkeys, cats, and guinea pigs (Eggermont 1995a; McGege e
gorical-like magnetic responses have been obtained with dali- 1996; Schreiner 1998; Steinschneider et al. 1982, 1994,
ble-click stimulation, where the sources of activation for th&995b). Detailed investigation in Al of the anesthetized ¢at
two components should be identical (Celesia 1976; Joliot et addicate that temporal representation of VOT is dependentf on
1994). Nonlinear changes in this pattern of physiological astimulus intensity and is likely a graded, nonlinear, and sgtu-
tivity can be viewed as an example of forward masking. Asting function of the interval between consonant release and
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voicing onset (Eggermont 1995b, 1999). In a more genefaicH, R. H., TALLAL, P., BRown, C. P., GLABURDA, A. M., AND RoSEN G. D.
framework, present results reinforce the hypothesis that synlnduced microgyria and auditory temporal processing in rats: a model|for

; i i ; ; language impairmentCereb. Cortexd: 260-270, 1994.
Chronlzed aCthlt.y within r_u_euronal ensembles is a Vlable. mePPORMBY, C., BARKER, C., ABBEY, H., AND RANEY, J. J. Detection of silent temporal
anism for encoding specific features of complex acoustic stim-

uli (deCharms and Merzenich 1996; Eggermont 1994; Wang et voiceless stop/vowel combination. Acoust. Soc. An83: 1023-1027.
al. 1995). Although human AEPs offer relevance to the animehLasurba, A. M., MenarD, M. T., anp Rosen, G. D. Evidence for aberrant
work, experimental models allow details of physiological pro- auditory anatomy in developmental dyslex®aoc. Natl. Acad. Sci. US81:
cessing to be identified at a level that are otherwise unobtain8010-8013, 1994.

able. Studies in monkeys demonstrate a response transforff428URoA, A. M., SHERMAN, G. F., FoseN G. D., Asormiz, F., AND GE-

. . . cHwWIND, N. Developmental dyslexia: four consecutive patients with cortigal
tion between thalamocortical fibers and Al that accentuates the ' ) - Neurol 18- 222233, 1985.
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speech sounds have been sequenced (Schreiner 1998). SoifieN: A. E.. GALABURDA, A. M., FiTCH, R. H., GARTER, A. R., AND ROSEN
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