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S. Cutis, L. Kaufman, and S.J. Williamson

Neuromagnetism Laboratory, Departments of Psychology and Physics
New York University, 4 Washington Place, New York, NY 10003, U.S.A.

INTRODUCTION

It is well known that the auditory and visual N100 components of the event related potential (ERP)
measured on the scalp are modulated by attention. Moreover, many investigators have proposed that NI00 is
produced by multiple sources whose potential patterns overlap at the scalp electrodes (Naatnen and Picton,
1987). Neuromagnedc investigations of the event related field (ER?) have revealed that at least some portion
of the NI00 component, which we shall refer to as Nl00m, originates in the auditory cortex (Bak et al., 1981;
Har et al., 1980, 1982), and that the source or sources of Nl00m are modulated by attention (Curtis, 1987;
Kaufman and Williamson, 1987). Thus, primary sensory activity contributes substantially to the so-called
"endogenous" NI00.

One of the issues related to the effects of selective attention on the ERP has to do with the classic finding
in dichotic listening experiments that attention to a message can be facilitated if the message is perceived as
originating in one place in auditory space, while the competing message originates at some other place. In our
earlier studies of the ER? we confirmed this finding, since in a dichotic listening task the two messages were
delivered separately to the two ears, and attending to one of them results in a substantially enhanced N100m in
comparison to the response for the message being ignored. We now test the hypothesis that separation in
quality (pitch) rather than perceived space is sufficient to produce a similar effect on N100m. This would test
for the applicability of the neuromagnetic findings to those obtained in behavioral studies (see Kahneman,
1973, for a review).

METHODS

A novel dichotic listening task was employed in which 100 ms tone bursts were delivered at a rate of 3
s_1 to one ear and 3.5 st to the other ear. Since neither these fundamental frequencies nor their first four higher

harmonics coincide, it was possible to simultaneously average the band-limited responses and then obtain the
separate response at 3 Hz together with its first four harmonics and at 3,5 Hz together with its first four
harmonics. The 3 s . sequence of tone bursts had frequencies of either 1,000 Hz or 1,050 Hz, presented in
random order. Similarly, the 3.5 s I sequence was independently randomized, and the tone bursts were of
higher pitch, namely 3,000 Hz and 3,050 Hz. Each randomly chosen pattern was repeated after about 40
bursts (a pseudorandom sequence). Of course, the precise lengths of the two sequences were different from
each other, and also from trial to trial. It is to be noted that the repeat of each randomized segment was not
accompanied by any audible cue. This arrangement made it possible for the subject to attend to one of the
trains of tone bursts while ignoring the other.

With the 3 si" and 3.5 s" trains presented to separate ears by plastic earphones to produce the requisite
spatial localization of the two trains of tone bursts, a 5-sensor SQUID probe (Williamson et al., 1984) was
placed at various positions over the subject's head to record the magnetic response. The subject was instructed
to attend to one train and to determine the number of tone bursts that occurred before the pseudorndom
pattem repeated itself. The accuracy of this determination provided a measure of the subject's attention.
During a session the lengths of the sequences were progressively increased, to insure that the subject was fully
engaged in his task. The entire procedure was repeated with the subject paying attention to the tone bursts
occuring at the other repetition rate. Hence it was possible to compare responses to tones when they were
attended to and when they were ignored, but when they had the same repetition rate and the same spectral
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Fig. 1. Auditory evoked fields obtained over
the anterior extremum of the left hemisphere 25 fT "
averaged at 3 Hz (left column) and at 3.5 Hz \. -,
(right column). The solid curves show responses ,\. .5
when the former is attended, and the dashed
curves when the latter is attended. The five /
waveforms of a given type in each column are -

the responses simultaneously recorded by the I T-.. . ,

individual sensors of the probe.-' S: JE

0 21W 300 ~ l 0 '0200 300
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-composition. The probe was then moved across the head to another position, and similar measurements of the
field pattern were made. This was continued until at least six different probe positions (30 measurement
positions) on one side of the head were covered. Similar measurements were conducted over the other
hemisphere as well. This was repeated for each of three subjects.

* .RESULTS

Figure 1 illustrates the waveforms obtained for the attend and ignore conditions when the fundamental
and first three harmonics are added together. The attended stimuli evoke stron p components having latencies
of about 100 ms and 200 ms. The latency of the latter component of the 3.5 s- responses is slightly longer at

250 ms than for the 3 s'l responses, which may be due to the increased task difficulty associated with the faster
repetition rate. The responses obtained with the faster rate were also weaker. These components are similar to
the N100 and P200 components obtained by Hillyard et al. (1973) for averaged transient responses, when tone
bursts are presented separately in random order. The primary difference is that the 200-ms component in our
data was modulated by attention, whereas P200 reported by Hillyard et al. was not. However, Hillyard et al.
reported that the amplitude of the N 100 was modulated by 30-40% between the attend and ignore conditions, -.
which is comparable to the effect shown by our 100-ms component.

Comparison with Transient Responses

Studies of the transient evoked field were conducted to determine whether the neural sources of the
classic Nl00m and P200m components coincide with the sources of the 100-ms and 200-ms components
observed at our higher presentation rates of 3 s-1 and 3.5 s*l. Figure 2 gives one example of the good
correspondence of positions of the extrema for outward (+) and inward (-) directed fields. The corresponding
difference for the positions of equivalent current dipole sources, lying midway between the respective extrema
(Williamson and Kaufman, 1982), is less than 1 cm, comparable to the uncertainty in the measurements.
Hence, we may conclude that our 100-ms and 200-ms components are the same as Nl00m and P200m -j
obtained using stimuli separated by long interstimulus intervals.

Analysis of Variance

An analysis of variance (ANOVA) was performed using the field amplitudes measured at 20 different
positions near the field extrema for each of 3 subjects, where attended responses were significantly greater than
background noise. No consistent hemispheric differences were found, nor were there significant differences
between the amplitudes of Nl00m and P200m. There were significant differences among the amplitudes of
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Fig. 2. Isofield contours over the left hemisphere of a subject for (a) the 100-ms component evoked by an
attended 3 s'4 presentation rate of I kHz tones and (b) the Nl00m component evoked by a 200 ms tone burst

with an interstimulus interval exceeding 500 ms. Contours are at 20 fT intervals. The horizontal coordinate
indicates distance along the line passing through the ear canal, at (0,0), to the outer canthus of the eye; and the
vertical coordinate is distance above this line measured along a perpendicular to the line.

the peaks measured at different positions, but this is to be expected as the different positions were at different
distances from the field extrema. The most important finding was the effect of instruction to attend to a
stimulus. This produced amplitudes of N100m and P200m that were greater than the corresponding
amplitudes found when the stimuli were ignored (Fig. 3a). This difference was significant with p - 0.028. A
similar analysis was performed separately on the first three harmonics of the responses after their waveforms
were analyzed by means of an FFT (for subject CB). There was no significant effect of instructions on the 2nd

and 3rd harmonics. The effect of attention was fully accounted for by changes in the amplitude of the
fundamental component of the response. Moreover, in each hemisphere of the subjects there were substantial
and systematic variations in the computed tangential current dipole moments of the sources that depended
solely upon instruction. We conclude from these studies that activity originating in auditory cortex is
modulated by attention. There is no sign at all of neural activity in extra-auditory areas that may contribute to
auditory-evoked electrical N 100 and P200 measured near the vertex by Hillyard et al. (1973).

In a control experiment one of the two stimuli was reduced in intensity by 20 dB. This had no effect on

the amplitude of the response, whether it was a response obtained while the subject was paying attention to the
stimulus or a response while the stimulus was being ignored.

(b) 40 Attend N I00m

(a) 30 3 Hz Attend P200.

Left /3.5 Hz ,Ignoe P20m

/l i N 30
20 /"O D

S10

0 0
ATTEND IGNORE DICHOTIC MONAURAL

Instruction Condition

Figure 3. (a) Effect of the instruction to attend a stimulus, for left and right hemisphere responses to 3 s-4 and

3.5 s "1 stimuli, for both Nl00m and P200m components. (b) Response strengths of Nl00m and P200m for
dichotic and monaural presentation, when attended and ignored.
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Dichotic vs. Monaural Presentation

To determine whether pitch differences alone mediated the effect, the two stimuli were applied to two
different loudspeakers placed adjacent to each other and about 1 m from one ear, thus enabling both signals to
be heard by both ears without artifact. For one subject, the Nl00m and P200m components were enhanced as a
result of attending to one of these trains of tone bursts by the same amount as when they were presented
dichotically. This was followed by a systematic experiment in which the two different trains were presented to
one ear alone through one earpiece of the headset used in the main experiment. Thus, the only cue available to
the subject was the difference in pitch of the two different trains of tone bursts. The result was that the effect
of instruction was statistically the same as that obtained when both pitch and location were available as cues to
permit the subject to divide attention between the two stimuli (Fig. 3b).

DISCUSSION

The main conclusion to be drawn from these results is that activity originating in the auditory cortex is
modulated by attention. There is no sign of activity in extra-auditory areas contributing to the attentional
effect. While we cannot rule out the possibility that such sources may contribute to the effect of attention on
the electrical N 100 and P200, the magnitude of our effect suggests that such additional sources would add very
little to the modality-specific effect of attention. These results are in general agreement with filter theories of
attention that postulate the attention of ignored stimuli prior to conscious perception (Treisman, 1969).
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