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neural activity in human auditory cortex

MARTY G. WOLDORFF2 STEVEN A. HILLYARD,®? CHRIS C. GALLEN®
SCOTT R. HAMPSON, aNnp FLOYD E. BLOOM®
aResearch Imaging Center and Department of Radiology, University of Texas Health Science Center, San Antonio, USA

bDepartment of Neurosciences, 0608, University of California—San Diego, La Jolla, USA
°Department of Neuropharmacology, Research Institute of Scripps Clinic, La Jolla, USA

Abstract

Itis widely agreed that the negative brain potential elicited at 150—200 ms by a deviant, less intense sound in a repetitive
series can be modulated by attention. To investigate whether this modulation represents a genuine attention effect on
the mismatch negativityMMN ) arising from auditory cortex or attention-related activity from another brain region, we
recorded both the MMN and the mismatch magnetic fidliMF ) elicited by such deviants in a dichotic listening task.
Deviant tones in the attended ear elicited a sizable MMF that was well modeled as a dipolar source in auditory cortex.
Both the MMN and MMF to unattended-ear deviants were highly attenuated. These findings support the view that the
MMN /MMF elicited in auditory cortex by intensity deviants, and thus the underlying feature-analysis and mismatch-
detection processes, are not strongly automatic but rather can be gated or suppressed if attention is strongly focused
elsewhere.

Descriptors: MEG, MMN, MMF, ERP, Mismatch negativity, Attention

The occurrence of a physically deviant sound in a repetitive se- Naatanen and colleagué®viewed by Naatanen, 199dem-
quence elicits a distinctive negative component in the event-relatednstrated that the MMN can be readily elicited by deviants in an
potential(ERP termed thamismatch negativityMMN ). The MMN auditory sequence in the absence of active attention to that se-
typically peaks at around 150-250 ms poststimulus and can bguence(e.g., while reading In addition, a number of researchers
elicited by deviations in a variety of auditory dimensions, includ- have found that explicit manipulations of attention failed to affect
ing pitch, intensity, duration, location, and timing, and in more MMN amplitudes (Alho, Sams, Paavilainen, Reinikainen, &
complex, patterned attribut@eviewed by Naatanen, 1992, 1995 Naaténen, 1989; Alho, Woods, & Algazi, 1994; Naatanen, Gail-
Analyses of the neural generators of the MMN using both magdard, & Mantysalo, 1978, 1980; Sams, Alho, & Naatanen, 1984
netoencephalographi¢VEG) and ERP recordings have localized Based on these observations, Naatanen proposed that the MMN
its principal source to the auditory cortex on the superior temporateflects strongly automatic feature encoding, memory-trace forma-
plane (STP, with a probable secondary source in frontal cortextion, and mismatch-detection processes that operate independently
(reviewed by Alho, 1995 The supratemporal generators report- of attention(Naatanen, 1985, 1990, 1992

edly differ somewhat in position and orientation depending on the In recent years, however, evidence has arisen to suggest that the
type of deviant stimulugGiard et al., 1995 The MMN has been MMN may be subject to attentional control under certain condi-
studied extensively as an index of basic auditory encoding andions. In a dichotic listening task with high sensory load, Woldorff,
sensory memory processes in humaRstter, Deacon, Gomes, Hackley, and Hillyard(1991) found that the negative deflection
Javitt, & Vaughan, 1995 elicited at 130—-280 ms by intensity deviations in a tonal sequence
was substantially reduceétly 70—90% for tones in the unattended
relative to the attended ear. The authors proposed that this deviance-
related negativitf DRN)* included a MMN that was attenuated

A preliminary report of these data was published by Hillyard, Mangun,
Woldorff, & Luck (1995.
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during highly focused selective attention to another sound sourcen the DRN would then be attributable to other components such
This modulation of MMN amplitude was viewed as a consequenceas the N2b(N&aatanen et al., 1993
of an early attentional selection process that suppresses unattendedIn the present study, we used MEG recordings to determine the
inputs at the level of the auditory cortex and attenuates the earlianeural sources of the magnetic counterpart of the attention-sensitive
latency evoked components P20-50 and N1 in addition to théRN, which is here termed thaeviance-related fieldDRF). Pre-
MMN (Woldorff & Hillyard, 1991). vious MEG studies have shown that evoked neural activity in
In a commentary on the Woldorff et 1997 study, Naatdnen auditory cortical areas on the STP produces a strong dipolar mag-
(1999 reported that his group had confirmed that the DRN elicitednetic field distribution over the lateral surface of the head. This
by intensity deviants can be attenuated when attention is stronglfield distribution has been attributed to the generator neurons being
focused on another auditory channel. However, he argued that theriented perpendicularly with respect to the cortical surfacénis
major component being modulated by attention was not actually @ase, the STPand thus tangentially to the lateral skull and scalp
MMN but rather was an overlapping negativiti2b) that is mo- ~ (Hamél&inen, Hari, llmoniemi, Knuutila, & Lounasmaa, 1993
dality nonspecific and reflects the subject’s detection of a potenEvoked components that have been localized by MEG to specific
tially relevant signal. According to Naatan&r®91), the MMN can  zones of STP auditory cortex include the M&fagnetic counter-
be distinguished from the N2b in scalp recordings by virtue of itspart of the P50 the M100(counterpart of the N1 or N190M200
polarity inversion(using a nose referencbetween recording sites (counterpart of the P2 on P20Gand the gamma band response
above and below the Sylvian fissure, which reflects its generatioriHari, 1990; Pantev, Eulitz, Hampson, Ross, & Roberts, 1996;
by vertically oriented neurons in the superior temporal plane; inPantev et al., 1991; Woldorff et al., 1993 he magnetic counter-
contrast, the N2b reportedly does not exhibit such a polarity inpart of the MMN(i.e., the mismatch field, MMFalso arises from
version and has an amplitude maximum over cer(t@her than  a tangentially oriented dipolar source in STP auditory cortex lo-
frontocentra), midline scalp areas. cated slightly anteriorly and medially with respect to the M100
In accordance with these proposals, Naatdnen and associatesurce(reviewed by Alho, 1995; Csepe, Pantev, Hoke, Hampson,
(Naatanen, Paavilainen, Tiitinen, Jiang, & Alho, 1993; Paavilainen& Ross, 1992; Sams, Kaukoranta, Hamaléinen, & Naatanen)1991
Tiitinen, Alho, & Naatanen, 1993ound that the DRN recorded over In contrast, the N2b is reportedly not well registered by MEG
the central midline scalp to frequency-shift deviants was stronglyrecordings over temporal aredsaatanen, 1990, 1991, 199pre-
modulated by attention during high-load dichotic listening, whereassumably because the N2b generators either are situated outside
its polarity-inverted counterpart recorded below the Sylvian fis-auditory cortex or lack a systematic tangential orientation. In either
sure, which was presumed to reflect MMN activity, was not. case, MEG recordings during selective listening should reveal to
Naatéanen et a(1993 also observed a substantial amplitude reduc-what extent attention-related changes in this component originate
tion of the midline DRN to intensity-decrement deviants in the un-from tangentially oriental sources in auditory cortex and thus may
attended relative to the attended ear. In this case, however, it wdse attributed to changes in MMMNMF.
difficult to determine whether the attentional modulation included  Subjects in the present study attended selectively in a high-load
an MMN according to the criterion of Naatanei®91), because this  dichotic listening task similar to that employed in previous ERP
intensity-shift DRN did not show a clear polarity reversal below the studies(Woldorff et al., 1991; Woldorff & Hillyard, 199}, which
Sylvian fissure in response to either the attended or unattended stirproduced strong attentional modulation of the MMN and earlier
uli. Nonetheless, because the intensity-decrement DRN elicited bi?20-50 and NIN100) components. Attention effects on the mag-
the unattended-ear tones was significantly reduced relative to thatetic counterparts of these earlier components in the present study
elicited during a reading condition, Naatéanen e 8093, p. 445 have been described in a previous pafWwoldorff et al., 1993 in
agreed that the MMN to intensity decrements “appears to be vulwhich it was reported that the sources of the early M20-50 and
nerable to attention.” M100 components and their enhancements with attention were
A number of other recent studies have also reported that DRN®vell modeled by equivalent current dipoles in STP auditory cortex.
elicited in the 150-250-ms range by a variety of deviants aredn the present report, we present the analysis of the DRFs to
significantly larger when attention is directed toward the auditoryintensity-shift deviants recorded in the same experiment.
sequence containing deviarislain & Woods, 1994, 1997; Alho,
Woods, Algazi, & Naatanen, 1992; Oades & Dittmann-Balcar, 1995;Methods
Schréger, 1995; Trejo, Ryan-Jones, & Kramer, 1995; Woods, Alho,
& Algazi, 1992). Thus, there appears to be general agreemenMEG recordings were obtained from seven normal volunt&eyes
that the amplitude of the auditory deviance-related negative wave22—36 yearsas they performed a dichotic listening task in a mag-
recorded over the frontocentral scalp can be modulated as metically shielded chamber. Tone sequences were delivered through
function of whether the auditory stimuli are being attended. Whata sound-tube system and consisted of 1000 Hz tone pips to the left
is not as clear, however, is whether these attention-related moakar and 3150-Hz tone pips to the right ear, all of 14-ms duration
ulations of the DRN reflect a genuine attention effect on thewith 5-ms rise and fall times. The left- and right-ear tones were
MMN arising from the auditory cortex on the STP, in that pre- presented in random order with interstimulus inter(é®s) rang-
vious studies have not included a source analysis of the attentioniag randomly between 125 and 325 ifnectangular distribution
related change in the DRN that would help to identify its neural The subjects’ task was to listen selectively to the tones in one ear
generators. If the DRN being modulated by attention were lo-and to detect and count occasioi@¥ per eay, slightly deviant
calized to the STP auditory cortex, for example, strong addi-tones(targets that were 12 dB fainter than the 55 dB &lecibels
tional support would be provided for the hypothesis that theabove sensation leyestandard tones in that ear. All tondsoth
MMN generator itself can be influenced by attention. However, standards and deviants the other ear were to be ignored. The
if that portion of the DRN originating in auditory cortex were deviant tones in either ear were identical in waveshape and fre-
found not to vary with attention, the proposal that the MMN quency to the standard tones in that ear, differing only in intensity.
itself is attention insensitive would be supported, and variationSubjects were required to make a downward movement with their
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left forefinger to indicate target detections and to keep a runningnto their MR images. In the present report, the neuroanatomical

count of those detections. locations of the ECDs calculated for the DRFs were inferred from
Ten runs each of attend-left and attend-right conditions werdheir positions in the MEG reference frame relative to the M100

presented in counterbalanced order. Each run lasted approximateBCD locations.

2 min and consisted of 250 standards and 25 deviants delivered to

each ear, giving an overall total of 2,500 attended standards, 2,500¢5its

unattended standards, 250 attended deviaets targets and 250

unattended deviants for each ear. Only responses evoked by t

right ear toneg(contralateral to the recording sensory ajraye deviants superimposgds shown in Figure 1; the simultaneously
resented in this report. . ’ . ;
P b recorded ERPs from the C3 scalp site are shown in the upper right.

A magnetic recording prob&éBiomagnetic Technologigson- .
taining 37 sensors spanning a circular area of 125 mm diameteigeafzg gggefggm;;niggsgcg\?;gt?/\r/]srgiﬂgifgygfﬁﬁ?ﬁﬁe
was placed above the scalp overlying the left auditory cortex. Aieviant and standard tones, followed by a DRN elicited between

transceiver-based system was used to localize the magnetic se 20 and 280 ms in response to the deviant tones only, Correspond
sory array with respect to the head. Three channels of EEG wer : e ) )
y y b g components could be identified in the ERF waveforms. The

also recqrded over the left hemisphere at sites Cz, C3, and T, 20-50 and M100 components were followed by a DRF to the
(International 10-20 Systeneferred to the left earlobe. The re- ) . ) .
deviant tones that was also elicited in the 130-280-ms interval.

cording bandpass was 0.1-200 Hz for the MEG and 0.05-250 H .
for the EEG, both of which were digitized at 861 Hz and stored onﬁhhe M20-50, M100, and DRF components all had strongly dipolar

gistributions, showing polarity inversions at posterior sites.,

H’@e distribution of the grand average ERFs across the sensor array
in response to the attended right-ear tofe&h standards and

disk for off-li lysis. F h subject d t-relat ; . . . . .
skcior oft-ine analysis. or €ach Subject, averaged even-reate ites 22-25in relation to anterior site¢e.g., Sites 32—-35 with

field (ERF) and ERP waveforms were obtained to the standard and”. . | activity at int diate site Sites 3 and)4
deviant tones, both when attended and when unattended. In agdfnimal activity at intermediate sitég.g., Sites 5 and): .
In comparison, the amplitudes of all these components elicited

tion, deviance-related difference wavieviant-tone waveforms by right i bstantially reduced when th
minus standard-tone waveformeere derived for both the at- :f[rlgd ;jeatrh otn_es Wﬁre StL:1 Sla?t_'a y{e uced w erlt eg/ \(/jve_retun-d
tended and unattended conditions. Trials contaminated with eye"j}F.enn;s 2 Ag 'rsg \.’; Zln ree o?tede?)r \7\2) e|§o\erfe(r§ ;llgg; thgls ea
blinks (as indicated by excessively large peak-to-peak almplitudeén:glrit d ' ftph V|\|/I2uo éo ‘?‘d th l\/)I/100f  the stand ro]t nes in
in the anterior sensorsvere rejected from the averages. One mag-a plitudes of the Nl=--ob a € VDU for Ine standard tones

. . . the unattended conditiofthin traces in Figure Pwere both sig-
netic sensorno. 36 had highly elevated noise levels and was ificantl ller than th in the attended difitnin t
excluded from the analysis. nificantly smaller than those in the attended condititinin traces

To quantify the deviance-related activity, mean amplitudes werdn Figure 1. In terms of deviance-related magnetic field activity,

measured separately for the attended and unattended standard é(l'ﬂ(}]]?h 'I[st the focaust ofdthlz_;eporgér;e pvglay Ogthﬁ unattendidd
deviant ERPERF waveforms for each subject across a latency eviant-ione and standard-tone S IN FIgure 2 Shows a marke

window (170210 m centered over the grand-average peakreductlon in DRF activity in relation to that seen in the overlay of

deviance-related activity in the MMMWMF latency range. These the corresponding atte_nded waveforms In Figure 1. .
. . . The effects of attention on the deviance-related brain responses
values were entered into analyses of variagBlOVAs) with

variables of attentior(responses to attended versus unattended®" .be seen more clearly in the difference waves formed by sub-
tones, deviance(responses to standard versus deviant toasd tracting the standard-tone response from the deviant-tone response

site (sensor location In addition, specific comparisons of ampli- in each attention conditiofFigure 3. These difference waves

tudes at sites around the magnetic field extrema were also conduct%lésérztet that bigl)the dDzR 8’\(|) recorded at CS’_dand é?e cc()jrresgo_ndlng
Topographic maps of the ERF distributions were calculated fo etween an ms were considerably reguced in am-

i —-800
the DRF and M100 peaks of the ERFs under the different at’[en’[ior‘i)“tUde (by 70-80% when the tor_1es were not attended._AIso,_th(_e
conditions. For the M100s, mapping was carried out both for theenlarge_d DRF.tO attended_ relatlv_e 0 unatte_ndec_i devw}nts_ IS 1n-
individual subjects’ ERFs and for the ERFs grand-averaged acrosvserted in polarity at posterior relative to anterior sites, with inter-

all the subjects. For the DRFs, the topograplias source anal- mediate. siteg shpwing Iittlg or no activityThese effects are
yses were calculated only for the grand-averaged waveforms be_summarlzed in Figure 4, which compares the effects of attention
n the DRN waveforms both in the present study and in the study

the DRFs to the deviant t hich inf t . -
cause te s 10 the devian tones, which were infrequent an y Woldorff et al. (1991 with the corresponding DRF changes

fairly difficult to detect, had a signal-to-noise ratio in single sub- ded at th ¢ f th ic field distributi Th
jects that was too low. For each of the surface field distributions, ©c0rd€d at e exirema of the magnetic Tield distributions. 1he

a best-fitting equivalent current dipalECD) was calculated in the waveforms of the DRN and the polarity inverting DRF correspond

MEG reference framda frame based on several fiducial skull closely, with peak amplitudes at around 200 ms and with a com-

. . . ble degree of attentional modulation.
landmarks, using an algorithm based on least-squares a roximaP &' aoe o . ) .
5 9 g g bp Statistical analysis of the DRFs in the measurement window

tion (Marquardt, 19682 As reported previouslyWoldorff et al., ) .

1993, magnetic resonand®IR) images were obtained for four of (170-210 ms conflrms_ the a_bo‘_"? observan_ons. In _the overall
. . ANOVA, there was a highly significant Attentior DevianceX

the subjects, and using the skull landmarks, the neuromagnetlg. . . .

. ) . ite interactionf (35,210 = 6.18,p < .004, with Huynh-Feldt
reference frames for these subjects were coregistered with theilr
MR reference frames, which allowed the ECD localization coor-
dinates for the M100s of these individual subjects to be transposed 3Considerable deviance-related activity was also evident at longer la-
tencies(300—500 mgin the attended-channel waveforms. The distribution
of this late activity was more complicated than the simple dipolar fields of

2The ECD is the single equivalent dipole source that would produce ahe M100 and early DRF, however, and appeared to involve contributions
field distribution that would best fit an observed distribution. For the di- from several generators. Because this late activity was not amenable to the
polar distributions presented in this study, the ECD location represents thenodeling techniques used here, it will not be considered further in this
estimated centroid of the active tissue region. report.
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Figure 1. Grand-averageth = 7) ERF and ERP waveforms elicited by deviant and standard tones presented to the right ear in the
attend-right(i.e., attendeglcondition. The ERF waveforms are displayed at the approximate locations of the magnetic sensors over the
left hemisphere. Note the polarity-inverting deviance-related fiBIRF) and M100 components at sites 24 and 33. At the upper right

are the simultaneously recorded ERPs from the C3 site, showing the corresponding deviance-related ri€@jRhivitgnd N100
components.

correction ofe = 0.098, that resulted because the polarity inverting 11, 23, 24, 25field extrema also showed significant interactions
DRF in the attended condition was much larger than the DRF irof Attention X Deviance(.005 < p < .05), reflecting greater
the unattended conditichin a subanalysis of only the attended- deviance-related activity in the attended condition than in the un-
tone responses, the interaction of DevianceSite was highly  attended condition. In addition, specific comparisons of deviant
significant,F (35,210 = 7.85,p < .002,¢ = 0.072, reflecting the versus standard amplitudes in the attended condition alone re-
presence in that condition of a substantial DRF with a polarity thatvealed a significant DRF at these various recording sites around
was opposite at anterior versus posterior sites. In contrast, in théhe extremd.005< p < .05), whereas in the unattended condition
unattended condition, the interaction of Devian<eSite for the  the DRF was not significantly different from zero at any individual
unattended tones did not approach significakd85,210 = 0.91, recording site.
p < .44, = 0.045. The field distributions of the DRF in the deviant-minus-standard
Specific analyses at individual recording sites around both thalifference wavegcf. Figure 3 at 195 ms are shown in Fig-
anterior(Sites 16, 17, 18, 32, 33, 34, B&nd posteriofSites 10, ures 5A-C. The DRF in the attended conditidfigure 5A was
considerably larger than that in the unattended conditiBig-
ure 5B, and thus its strongly dipolar field distribution closely
4This three-way interaction can be viewed as equivalent to the two-wayresembled that of the DRF attention eff¢Eigure 5Q formed by
interaction(Attention X Site) in the ANOVA applied to the DRFs in the  subtracting the unattended from the attended DRF. The dipolar
deviant minus standard difference waves shown in Figure 3. This Attentja|d distributions of both the attend-condition DRE and of the

tion X Site interaction again derives from the presence of a large DRF tha : .
inverts in polarity between anterior and posterior sites in the attende RF attention effect strongly resembled that of the earlier-latency

condition, with a much reduced level of such activity in the unattendedM100 component recorded in this experiméfigure 5D. As
condition. previously reported by Woldorff et al1993, the M100 field
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Unattended Right—ear Tones

Deviants
—— Standards

Figure 2. Grand-averageth = 7) ERF and ERP waveforms for right-ear tones in the attenddleft, unattendedcondition. Little
DRF activity can be seen in this condition.

distribution was well modeled by a single dipolar source located inM100 dipoles and the mean locations of the single-subject M100
the auditory cortex on the superior temporal plane. The field dis-dipoles(for those 5 subjects whose M100s had good fits in all the
tribution of the unattended DRFigure 5B also had a generally attention conditionsare both included in Table 1 and can be seen
dipolar form but with a poor signal-to-noise ratio because it wasto be in very close agreement with each other. The ECD locations
derived from a low-amplitude wave that was not significantly greaterfor the grand-average attended DRF, the attentional difference DRF,
than zero. and the grand-average M100s are displayed in the MEG coordinate

To estimate the source location of the attention-sensitive DRFspace in Figure 6. The DRF dipoles were situated very (shight-
best-fitting ECDs were calculated for the deviant-minus-standardy medial and anterigrto the M100 sources, which, as noted above,
DREF distributions shown in Figure 5. Dipole fitting was carried out were localized to the auditory cortex on the STP.
only for the grand averaged DREssing averaged probe-placement
and fiducial-landmark coordinatelsecause the DRFs in individual

Discussion

subjects had signal-to-noise ratios too low to be fit successfully
using these methods. The best-fit dipoles for the attended DRF arithe present results confirm previous findingdaatanen et al.,
the attended-minus-unattended difference DRF produced forwar#i993; Woldorff et al., 1991 that the DRN elicited with a peak
solution distributions that corresponded closely to the observedhtency of around 200 ms by an infrequent intensity decrement in
distributions(correlations of .98 in both casedhe dipole fitto  a repetitive tone sequence in one ear is markedly attenuated when
the unattended DRF distribution was less predisest correla- attention is strongly focused upon a competing tone sequence in
tion = .92) and was not very stable in the fitting window, as would the opposite ear. Concurrent MEG recordings showed that the
be expected from its much attenuated amplitude. The locations aforresponding DRF was also substantially reduced for unattended-
these ECDs for the grand-average DRFs are given irxthe z ear deviants such that its amplitude did not significantly rise above
coordinates of the MEG reference frame in Table 1, along with thenoise levels. This attentional modulation of the DRE., the dif-
dipoles calculated for M100s. The locations for the grand-averagéerence between the attend-condition DRF and the much attenu-
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Deviance Diff. Waves, Right ear
(Deviant — Standard)

.......... Attended
------------- Unattended

Figure 3. Deviance-related ERF and ERP difference wafgsviant-tone response minus standard-tone respdas¢he right-ear
tones in the two attention conditions. These difference waveforms are derived from data shown in Figures 1 and 2. Arrows mark the
polarity-inverting DRF at sites 24 and 33 and the corresponding DRN at site C3.

ated unattend-condition DRFad a dipolar field distribution that fusable with attention effects on the MMN. It is very unlikely that
was well accounted for by a tangential ECD located in the auditorythe attended deviant stimuli could elicit an enlarged PN in the present
cortex on the STP, adjacent to the dipolar source of the evokedtudy, however, because those deviants occurred on the average
M100 component. This localization for the DRF attention effect only once every 5.0 s. At such a slow rate, it would be extremely
corresponds well with the sources that have been described for thgifficult to maintain a distinct channel cue or attentional trace in
MMN /MMF (Alho, 1995 but not with those of the N2b; Naatanen memory for the fainter targets that would allow early selection of
(1995, p. 11 pointed out, “the MEG does not register the N2b those targets from the much more rapidly repeatirigtimes more
generator proces@robably due to the radial orientation of the frequenj standard tones in the attended channel. When channel
generator.” Accordingly, these MEG recordings provide strong cues are only reinforced at long intervals during selective listening
support for the proposal of Woldorff et al. that strongly focusedtasks, the PN is both delayed in ongefansen & Hillyard, 198%
selective attention can modulate the activation of MMN generatorgnd reduced in amplitud@lho, Lavikainen, Reinikainen, Sams,
in the auditory cortex in response to intensity-shift deviants. & Naatanen, 1990; Schwent, Hillyard, & Galambos, 19 Hansen

An alternative possibility to consider is that the increased PRN and Hillyard (1984, for example, found that the PN had an onset
DRF to attended deviants includes a contribution from an in-latency of about 100 ms when the channel c(essily discrimi-
creased N1 component or processing negati(ftil) associated nable tone frequencies also separated spajialgre repeated at
with channel-selective attentidgsee Naatanen, 1991, 199Pre- average intervals of 0.8 s, but the PN did not begin until after
vious MEG studies have shown that attention effects ofANlldo 200 ms when ISIs were lengthened to 4.0 s. In addition, previous
originate from tangential generators in the auditory cotfexhur, studies(e.g., Alho, T6tt614, Reinikainen, Sams, & Naatanen, 1987;
Lewis, Medvick, & Flynn, 1991; Rif, Hari, Hamalainen, & Sams, Hansen & Hillyard, 198pDhave also shown that the PN is smaller
1991; Woldorff et al., 1998and hence in principle might be con- and begins much later when the cues distinguishing attended and
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Figure 4. Summary of attention effects on the electrical and magnetic deviance-related responses. First two columns show grand-
average ERPs and ERFs to deviant and standard right-ear tones under attended and unattended conditions, and third column shows
deviance difference waves formed by subtracting the standard from the deviant waveforms. A. Data from Woldoxft321al.

showing strong attentional suppression of the electrical DRN at 150—-2%C3nsite. B. Analogous data from the current experiment

showing replication of attention effects on the DRBS sitg. C. Concurrently recorded ERFs from the current experiment showing

effects of attention on the DRFs recorded from an anterior site near the field minimum and a posterior site near the field maximum.
Note the polarity inversion of the attention effect on the DRF and the timing coincidence of this effect with the attention effect on the
DRN.

unattended stimuli are not readily discriminable, as was the case N&aatanen(1991) offered an alternative interpretation of this
here for the rather difficult discrimination between the targets andattention effect on the MMN, in line with his earlier hypothesis
standards. Accordingly, the sharply rising attended PBRF in that the MMN reflects wholly automatic sensory analysis and mis-
the present study, which onset prior to 150 ms, could not reasonablyatch detection processes. He proposed that two types of neuronal
be attributed to a differential PN to the infrequent attended deviantssystems might be involved in MMN generatiof@ a computa-
Woldorff et al. (1991 interpreted the reduced MMN to inten- tional system that performs the sensory analyses and generation of
sity deviants in the unattended channel as a consequence of &me mismatch signal angh) an amplification system that augments
early sensory gating that also attenuated evoked activity prior téhe mismatch signal and enhances its alarming and attention-
the MMN including the P20-50 and NIN100) components. This  switching functions. He further suggested that attention only in-
suppression of the early components was considered to reflect fuences the amplification system and not the computational system,
reduced flow of sensory information in the unattended channeto that stimuli are fully analyzed even in the absence of attention.
(Woldorff & Hillyard, 1991), leading to a less effective mismatch In this view, “the amplitude decremeff the MMN in the un-
detection process. This hypothesis of attentional suppression @&ttended channetould not be taken as suggesting that the quan-
consistent with the present finding that MMN amplitude was nottity or quality of sensory information extracted from a stimulus is
significantly greater than zero in the unattended channel. Howevedeteriorated by withdrawal of attentiorfNaatanen et al., 1993,
in this type of design it is not possible to conclude unequivocallyp. 448.
whether attention is acting more to enhance the MMN in the at- These proposals of Naatanen and associates, which would sus-
tended channel or to suppress it in the unattended channel. tain the concept of strong automaticity of sensory mismatch anal-
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A. DRF: Attended B. DRF: Unattended Figure 5. Topographic plotsisocon-

Zz yA tour lineg of ERF distributions. Each
plot is individually scaled so that dis-
tributions rather than absolute magni-
tudes may be compared. Note the highly
dipolar field distribution, with a maxi-
mum (solid) where the magnetic field
\ lines are directed out of the head and a
N minimum (open where the magnetic

NN : Q field lines are directed into the head.
| Arrow indicates the schematic position
AV of the single equivalent current dipole
LARN | VT (ECD) that best fits the field distribu-
=g 1) tion. A. Field distribution at the peak
(195 m3 of the DRF to attended right-
ear tones measured from the grand-
average deviance difference waves for
] N that condition shown in Figure 3. Iso-
L contour scalgdifference between ad-
jacent isocontour lingsis 6.8 fT. B.
Field distribution(also at 195 msof
the DRF to unattended right-ear tones
from Figure 3. This field distribution
was derived for a low-amplitude wave
C. DRF: Attention Effect D. M100: Unattended that did not reach statistical signifi-
Z d cance. The distribution thus appears to
be noisy, although it also seems to have
a generally dipolar form. Isocontour
scale is 2.2 fT. C. Field distribution at
195 ms of the difference between the
attended and unattended DRF distribu-
tions shown in A and B, respectively.
Measures were taken from the double
difference waves formed by subtract-
= y.. \ N ing the small DRF in the unattended
TR 1 condition (thin dotted traces in Fig-
il 1 1 T1{1]]] ure 3 from the DRF in the attended
=2 N ’JTK , condition (thick dotted traces in Fig-
™= ure 3. Isocontour scale is 5.0 fT. D.
Field distribution of the M100 compo-
T 1 nent elicited by right-ear standard tones
|| (unattended condition also derived
from the grand-averaged ERF wave-
forms. Note the strong similarity of this
distribution to the attention-sensitive
DRF distributions shown in A and C.
Isocontour scale is 3.7 fT.
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yses and MMN generation, seem debatable on several groundarate subcomponents of the MMN. Moreover, unless these sepa-
First, it seems circular to argue that an equality of MMN ampli- rate stages can be operationalized in terms of observables, the
tudes in attended and unattended channels constitutes evidenteo-stage model is simply lacking in parsimony. The addition of a
for the strong automaticity of the sensory and computational analseparate amplification stage to the computational stage does not
yses(e.g., Naatanen, 1992whereas a greatly reduced MMN to seem to add any explanatory power to the model but rather acts to
unattended-channel deviants—even to the point of nonsignificance-dissociate the physiological measytfdMN /MMF) from the in-

does not weigh against such automaticity but rather is attributed téormation processing mechanisms of interest.

an attention effect on a separate amplification progegs, Naatéanen In summary, the present MEG recordings provide strong sup-
et al., 1993. Following this line of reasoning, it is not clear what port for the hypothesis that the MMINIMF elicited in auditory

kind of electrophysiological evidence would be required to dis-cortex by intensity-shift deviants can be suppressed by highly fo-
confirm the concept of strongly automatic sensory analysis. In factcused selective attention to a competing input channel. The most
this two-stage amplificatioftomputational model seems very dif- parsimonious interpretation of these results is that early sensory
ficult to test experimentally unless clear operation definitions wereanalyses leading up to and including mismatch detection are sup-
formulated for the hypothesized amplification and computationpressed and degraded by channel-selective attention. In this view,
systems and a linkage established between those systems and st feature encoding, memory-trace formation, and mismatch-
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Table 1. Characteristics of ECDs for DRF 0
and M100 Distributions !
9 10
Latency Fit?® Angle® x 'y z - 9
Condition (mg (%) (degrees (cm) (cm) (cm)
8
Grand-average DR = 7) 6 ;@
Attended 195 98 —122 0.1 44 55 c
Unattended 195 92 -130 1.1 26 6.0 57 6 ?g
Attention effect 195 98 119 -0.2 40 5.4 4 ]
Grand-average M10(h = 7) 5 ¢
Attended 116 985 —-137 —-03 54 56 37 H 4 ?,»
Unattended 116 99 -131 -0.6 55 5.6 g.
Attention effect 102 99 -141 -04 51 6.0 3 =
Mean of individuals(n = 5) )
Attended 108 98 —-131 -0.7 55 5.8
Unattended 116 975 -131 -0.8 53 54
Attention effect 104 975 —-136 —-0.6 52 5.7 0
nasion
aThe correlation between the measured field values and the model field
values.’The orientation of the ECD dipole moment in the MEG refer-
ence frame®The ECD fit for the unattended-channel DRF was relatively 8 Anterior
low and the locations unstable. It is nonetheless included for complete- Left preauricular
ness.9Attended minus unattended. # DRF: attended

B DREF: attention effect
& M100: attended

€ M100: unattended

@ M100: attention effect

registration processes reflected in the MYNWF are not fully
automatic but rather are only partially automatic. In other words, - ] ) ) )
these processes do not necessarily depend on attention being §{9ure 6. Positions of best-fit equivalent dipoles plotted in they,
rected to the eliciting stimuli, but they can be suppressed or gateﬁfordmates of the MEG reference frame. Dipole positions are plqtted for
. S e grand-average attended DRISolid squarg and the attended-minus-

if .attentlon IS ?t__ro__ngly focused glsewhere. Nonetheless, we a9r€fhattended DRFshaded squayelerived from the distributions shown in
with others(Naa}tgnen, 1995; Ritter et al., 19%‘a_t _the MMN' Figures 5A and 5C, respectively. Also plotted are the M100 dipole posi-
MMF may be elicited under a wide range of conditions and atten+jgns from the grand-average M100 distributions: attengdid circle,
tional states and hence is a valuable tool for studying sensorynattendedhalf-filled circle), attended minus unattended differesieaded

encoding and memory processes. circle). Note the close proximity of the DRF and M100 dipoles.
REFERENCES

Alain, C., & Woods, D. L.(1994. Signal clustering modulates auditory Arthur, D. L., Lewis, P. S., Medvick, P. A., & Flynn, E. R1991). A
cortical activity in humansPerception and Psychophysjdss, 501— neuromagnetic study of selective auditory attentiBlectroencepha-
516. lography and Clinical Neurophysiology8, 348-360.

Alain, C., & Woods, D. L.(1997). Attentional modulation of auditory Csepe, V., Pantev, C., Hoke, M., Hampson, S., & Ros$1B92. Evoked
pattern memory as revealed by event-related brain poterfiajszho- magnetic responses to minor pitch changes: Localization of the mis-
physiology 34, 534-546. match field. Electroencephalography and Clinical Neurophysiolpgy

Alho, K. (1995. Cerebral generators of mismatch negativigMN ) and 84, 538-548.

its magnetic counterpa(MMNm) elicited by sound changeEar and Giard, M. H., Lavikainen, J., Reinikainen, K., Perrin, F., Bertrand, O.,
Hearing, 16, 38-51. Pernier, J., & Naatanen, R1995. Separate representation of stimulus

Alho, K., Lavikainen, J., Reinikainen, K., Sams, M., & Naatanen1R90. frequency, intensity, and duration in auditory sensory memory: An
Event-related brain potentials in selective listening to frequent and rare  event-related potential and dipole-model analy&isirnal of Cognitive
stimuli. Psychophysiology27, 73-86. Neuroscience7, 133-143.

Alho, K., Sams, M., Paavilainen, P., Reinikainen, K., & Naatanen, R.Hamalainen, M., Hari, R., lmoniemi, R. J., Knuutila, J., & Lounasmaa, O.
(1989. Event-related brain potentials reflecting processing of relevant V. (1993. Magnetoencephalography: Theory, instrumentation, and ap-
and irrelevant stimuli during selective listenirigsychophysiology26, plications to noninvasive studies of the working human brReviews
514-528. of Modern Physics65, 413-497.

Alho, K., T6ttola, K., Reinikainen, K., Sams, M., & Naatanen,(R987). Hansen, J. C., & Hillyard, S. A(1980. Endogenous brain potentials as-
Brain mechanism of selective listening reflected by event-related po- sociated with selective auditory attentidlectroencephalography and

tentials. Electroencephalography and Clinical Neurophysiolo@, Clinical Neurophysiology49, 277-290.

458-470. Hansen, J. C., & Hillyard, S. A(1984. Effects of stimulation rate and
Alho, K., Woods, D. L., & Algazi, A.(1994). Processing of auditory stimuli attribute cuing on event-related potentials during selective auditory

during auditory and visual attention as revealed by event-related po- attention.Psychophysiology21, 394—-405.

tentials.Psychophysiology31, 469-479. Hari, R. (1990. The neuromagnetic method in the study of the human
Alho, K., Woods, D. L., Algazi, A., & Naatanen, R1992. Intermodal auditory cortex. In F. Grandori, M. Hoke, G. Romé(iid.), Auditory

selective attention: II. Effects of attentional load on processing of au-  evoked magnetic fields and potentials: Advances in audioldgl 6,

ditory and visual stimuli in central spadélectroencephalography and pp. 222-282 Basel: Karger.

Clinical Neurophysiology82, 356-368. Hillyard, S. A., Mangun, G. R., Woldorff, M. G., & Luck, S. J1995.



292 M.G. Woldorff et al.

Neural systems mediating selective attention. In M.S. Gazzdkida, affects two different areas in the human supratemporal coEkec-
The cognitive neurosciencépp. 665-68L Cambridge, MA: MIT troencephalography and Clinical Neurophysiolod, 464—472.

Press. Ritter, W., Deacon, D., Gomes, H., Javitt, D. C., & Vaughan, H. G., Jr.
Marquardt, D. W.(1963. An algorithm for least-squares estimation of (1995. The mismatch negativity of event-related potentials as a probe
nonlinear parameterdournal Society of Industrial and Applied Math- of transient auditory memory: A revieWar and Hearing 16, 52—67.
ematics 11, 431-441. Sams, M., Alho, K., & Naatanen, R1984. Short-term habituation and

Naaténen, R(1985. A theory of selective attention based on event-related  dishabituation of the mismatch negativity of the ERBychophysiol-
brain potentials. In M.l. Posner and O.S. Mafkds), Mechanisms of ogy, 21, 434—-441.
attention: Attention and performandgp. 355-378 Hillsdale, NJ: Sams, M., Kaukoranta, E., Hamalainen, M., & Naatanen(1R91). Cor-
Erlbaum. tical activity elicited by changes in auditory stimuli: Different sources
Naatanen, R(1990. The role of attention in auditory information process- for the magnetic N100m and mismatch respon&aychophysiology
ing as revealed by event-related potentials and other brain measures of 28, 21-29.
cognitive function.Behavior and Brain Scien¢d3, 201-288. Schréger, E(1995. Processing of auditory deviants with changes in one
Naatéanen, R(1991). Mismatch negativity outside strong attentional focus: versus two stimulus dimensionBsychophysiology32, 55—-65.

A commentary on Woldorff et alPsychophysiology28, 478—484. Schwent, V. L., Hillyard, S. A., & Galambos, RL976. Selective attention
Naatanen, R(1992. Attention and Brain FunctionHillsdale, NJ: Erl- and the auditory vertex potential: I. Effects of stimulus delivery rate.
baum. Electroencephalography and Clinical Neurophysiolpd9, 604—614.

Naatanen, R(1995. The mismatch negativity: A powerful tool for cog- Trejo, L. J., Ryan-Jones, D. L., & Kramer, A. @995. Attentional mod-
nitive neuroscienceEar and Hearing 16, 6-18. ulation of the mismatch negativity elicited by frequency differences
Naatanen, R., Gaillard, A. W. K., & Méantysalo, @978. Early selective- between binaurally presented tone burBtsychophysiologyd2, 319—
attention effect on evoked potential reinterpret@dta Psychologica 328.
42, 313-329. Woldorff, M. G., Gallen, C. C., Hampson, S. A, Hillyard, S. A., Pantey, C.,
Naatanen, R., Gaillard, A. W. K., & Mantysalo, @980. Brain potential Sobel, D., & Bloom, F. E(1993. Modulation of early sensory pro-

correlates of voluntary and involuntary attention. In H. H. Kornhuber  cessing in human auditory cortex during auditory selective attention.
and L. Deeckd Eds), Motivation, motor and sensory processes of the Proceedings of the National Academy of Sciences of the United States

brain: Electrical potentials, behavior and clinical ug¥ol. 54, pp. 343— of America 90, 8722—-8726.
348. Amsterdam: Elsevier. Woldorff, M. G., Hackley, S. A., & Hillyard, S. A(1991). The effects of
Naaténen, R., Paavilainen, P., Tiitinen, H., Jiang, D., & Alho(X93. channel-selective attention on the mismatch negativity wave elicited by
Attention and mismatch negativitizsychophysiology30, 436—450. deviant tonesPsychophysiology28, 30—42.
Oades, R. D., & Dittmann-Balcar, A1995. Mismatch negativitf MMN ) Woldorff, M., & Hillyard, S. A. (1991). Modulation of early auditory
is altered by directing attentioNeuroReport6, 1187-1190. processing during selective listening to rapidly presented tdfles-
Paavilainen, P., Tiitinen, H., Alho, K., & Naatanen, @993. Mismatch troencephalography and Clinical Neurophysiolo@p, 170-191.
negativity to slight pitch changes outside strong attentional fdgiss. Woods, D. L., Alho, K., & Algazi, A.(1992. Intermodal selective atten-
logical Psychology37, 23—41. tion. |. Effects on event-related potentials to lateralized auditory and
Pantev, C., Eulitz, C., Hampson, S., Ross, B., & Robertg1096. The visual stimuli.Electroencephalography and Clinical Neurophysiology

auditory evoked “off” response: Sources and comparison with the “on” 82, 341-355.
and the “sustained” respondear and Hearing 17, 255-265.
Pantev, C., Makeig, S., Hoke, M., Galambos, R., Hampson, S., & Gallen,
C. (199)1). Human auditory evoked gamma band magnetic ficfie-
ceedings of the National Academy of Sciences of the United States of
America 88, 8996-9000.
Rif, J., Hari, R., Hamaladinen, M. S., & Sams, M.991). Auditory attention (RECEIVED January 3, 1997AccepTED September 25, 1997



