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Abstract

In this study, synthesised instrumental tones were used to examine human auditory cortical processes engaged at the end of a period of
wrapid pitch modulation. It was previously S.J. Jones, O. Longe, M. Vaz Pato, Auditory evoked potentials to abrupt pitch and timbre

Ž . xchange of complex tones: electrophysiological evidence of ‘streaming’?, Electroencephalogr. Clin. Neurophysiol., 108 1998 131–142
suggested that the ‘change-N1’ produced by infrequent changes in pitch or timbre of a continuous complex tone represents the activity of
a neuronal population topographically distinct from that responsible for the ‘onset-N1’ at the beginning of the tone. In the present study a

Ž .superficially similar negativity was produced when the tone came to rest on a steady pitch after a period of rapid 8–16 changesrs
modulation; its scalp maximum was anterior to that of the two previously identified potentials but similar to that of the mismatch
negativity elicited by discontinuous tones. By varying the modulation rate the latency was shown to be relatively constant with respect to
the time the next pitch change was expected but failed to occur. The largest responses averaging c. 7 mV were evoked at the end of
modulation sequences which were both rhythmic and repetitive, but a potential was still produced when there was no rhythmic pattern or
repetition of individual notes. This response to non-occurrence of an expected but not necessarily specified change implies an automatic
process for comparing the incoming sound with an extrapolated template of the preceding pattern in which timing as well as pitch
information is accurately represented. We suggest this technique offers a robust method for eliciting the mismatch negativity, which may
extend the opportunities for electrophysiological investigation of higher auditory processes. q 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Ž .Long-latency human auditory evoked potentials AEPs
have been studied for more than 25 years and it is a decade
since the extensive literature on the N1 component peaking
approximately 100 ms after the onset of a tone was

w xreviewed 32 . In recent years much attention has been
paid to one of the contributory potentials identified by

Ž .these authors, the ‘mismatch negativity’ MMN . The lat-
Žter is evoked by infrequent tones differing perceptibly in

terms of their pitch, loudness, duration, source location,
. w w xxetc. from a regular sequence e.g., Refs. 2,31,41 and is

believed to be generated as a consequence of automatic
Ž .extra-attentional comparison of the incoming sound with
an image retained for a few sounds in the ‘echoic memory’

) Corresponding author. Fax: q44-71-713-7743; E-mail:
s.j.jones@ion.ucl.ac.uk

w x w x35 or ‘long auditory store’ 11 . The MMN therefore,
offers a potentially powerful tool for investigating auditory
processes dependent on sensory memory, although in prac-
tice its low signalrnoise ratio has proved to be a signifi-
cant obstacle.

The brief pure tone bursts usually employed to evoke
the MMN are very different from the natural sounds of the
environment which tend to be more-or-less continuous,
spectrally complex and in a constant state of modulation.
Single unit studies of the auditory cortex of animals have
generally moved away from the use of pure tones to

wfrequency and amplitude-modulated sounds 12,13,15,
x29,30,39,45,51,52 . Some early workers in the AEP field

w xexamined the responses to frequency ‘glides’ 4,8,20 and
there have been a few more recent studies of responses to

wpitch change of continuous pure tones e.g., Refs.
w xx26,27,46 , but the bulk of human research still concen-
trates on disconnected sounds whose physiological and
behavioral relevance is questionable.

0926-6410r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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w xIn a previous study 18 we used synthesised instrumen-
tal tones as a model for the kind of sounds occurring
naturally, quantifying their pitch and duration in units of
western music. The N1 to pitch or timbre change of a
continuous complex tone was found to be more posteriorly
distributed on the scalp than the superficially similar N1 to
onset of the tone from silence, suggesting that the neuronal
populations responsible must be at least partially distinct

w xfrom one another. A later ‘T-complex’ 54,55 was recorded
at lateral temporal electrodes; this was consistently larger
over the right hemisphere of right-handed subjects and
showed the converse laterality in about 25% of left-handers
w x17 . The differential interfering effect of background tones

w xof similar or different timbre 18 suggested that these
responses reflect processing of the whole sound rather than
its individual frequency components, and therefore must be
generated subsequent to the grouping of frequencies to

Ž w x.form auditory objects ‘primitive stream segregation’ 6 .
Since generation of these potentials requires no active
cooperation from the subjects, they offer a promising tool
for investigating higher auditory processes.

w xIn an earlier study 16 a large N1 potential was recorded
at the end of periods of regular, repetitive pitch modula-
tion, sufficiently rapid for there to be little or no measur-
able response to each individual pitch change. This poten-
tial could not have been generated by the neurones respon-

Žsive to pitch change at a lower rate for the generator to
have become dishabituated would imply foreknowledge

.that this was to be the last change , but rather must reflect
a process for comparing the instantaneous sound with the
preceding modulation pattern. In the present study we
presented synthesised instrumental tones which oscillated
between two pitches at various rates, to compare the
potential evoked at the end of the sequence with the MMN
to discontinuous tones, and with the N1 to pitch change of
a steady tone. We also looked at different modulation
patterns to try to discover the conditions necessary for a
response to be generated at the end of the sequence. The
findings suggest a prominent role for the auditory sensory
store in processing rapidly modulated tone sequences, and
a more robust method for evoking the MMN than the
conventional one using discontinuous tones.

2. Material and methods

The stimuli were tones synthesised by a Soundblaster
Ž .16 sound card Creative Labs, Milpitas, CA, USA con-

trolled by an IBM-compatible PC. The software used to
construct and play stimulus sequences was Midisoft

Ž .Recording Studio Diamond Computer Systems . The left
and right output channels were split in order to use one

Ž .channel for the stimulus presented to both ears and the
other to trigger the recording apparatus. The sounds all had
a smooth onset and offset with a rise time of approxi-

Žmately 40 ms established by examination of their wave-

forms; this was also done to establish the precise temporal
.relationship between stimulus and trigger and a similar

period of overlap between elided tones. The ‘clarinet’
timbre was chosen on account of its unexaggerated onset
and subsequently steady intensity and pitch, its spectrum
analysed using a fast ArD converter and associated soft-

Ž . w xware Pico Technology, Cambridge, UK 18 . The base-
Ž .line frequency was A 440 Hz and the intensity was4

45–50 dB above threshold.
The subjects were 11 normally hearing right handed

volunteers, five males and six females aged 26–46 years,
who gave their informed consent according to the Declara-
tion of Helsinki. The subjects sat in an armchair and read a
book for the duration of each recording which was approx-
imately 1 h. No instructions were given apart from to
continue reading and no verbal responses were required.

Up to eight recording electrodes were attached to the
head with collodion or paste, on the midline at Fpz, Fz, Cz
and Pz and in a coronal plane across the vertex at T4, C4,
T3 and C3 locations of the 10–20 system. The reference
electrode was on the dorsum of the neck at the base of the
skull. The recording bandwidth was less than 3 dB down
between 1 Hz and 5 kHz, the average epoch was 320 or
500 ms starting 15 ms before each stimulus and the ArD
conversion rate was 800 or 512 Hz. The averaged wave-
forms were subsequently digitally filtered with a low-pass
corner frequency of 150 Hz. Peak latencies and amplitudes
Ž .measured from the pre-stimulus baseline were obtained
for each subject and compared between conditions using
the Wilcoxon test. Group mean waveforms and difference
waveforms were computed for illustration.

In the first experiment potentials were recorded during
and at the end of a period of rapid oscillation between two
pitches. Responses of eight subjects were obtained to
connected tones oscillating between A and B before4 4

coming to rest on B . The identical sequence was pre-4

sented at three different speeds, such that the rate of
oscillation was 8, 12 or 16 changesrs with durations of 5,
3.3 or 2.5 s, respectively, and the duration of the steady
note was 0.5, 0.33 or 0.25 s The triggers were delivered to
the averager 15 ms before the 3rd, 7th, 11th, 15th and 19th

Žrepetitions of the note A these responses being averaged4
.together and at the end of the oscillatory period, 15 ms

before the next presentation of A should have occurred.4

Responses were averaged to 220 oscillatory changes and
45 ‘non-events’ at the end of the sequence, and three
repetitions performed for each condition.

The second experiment was designed to record the
MMN to brief complex tones, to compare it with the
responses obtained when the same tones were connected,
and with those occurring at the end of pitch oscillation in
the first experiment. Responses of eight subjects were
recorded to the notes A and B 100 ms in duration4 4
Ž .including riserfall time with silent gaps of 250 ms The
deviant B tones occurred regularly after every five pre-4

sentations of the standard A . In each run the responses to4
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Ž100 deviants and 300 standards the three preceding each
.deviant were averaged and three repetitions made. In the

second condition the duration of the tones was extended so
that the sound became continuous, the ‘standard’ being
present for 1750 ms and the ‘deviant’ for 350 ms The
intensity was reduced by about 5 dB in order for the
loudness to be subjectively equal to that of the discontinu-
ous tones. One hundred responses were averaged to each
transition and three repetitions made.

In the third experiment, responses of five subjects were
recorded at the beginning and end of 16rs sequences of
connected tones to try to establish the conditions necessary
for a response to be generated when a steady pitch was

resumed. Each sequence was 2 s in duration and finished
on the note B which was held constant for a further 2 s.4

ŽThe seven sequences whose musical notation is shown in
.Figs. 5 and 6 are mentioned below.

Ž .1 Oscillation between A and B as in the first4 4

experiment.
Ž .2 A repeating cell of 3 adjacent notes A , B and C .4 4 5
Ž .3 A repeating cell of 5 adjacent notes in a rising

Žpattern G , A , B , C and D the constraint of having a4 4 4 5 5

total of 32 tones in each sequence necessitated omission of
.the first G .4

Ž .4 The same 5 notes as in condition 3 but in pseudo-
random order such that each occurred with the same

Fig. 1. Experiment 1. Group mean responses of eight subjects to connected tones oscillating in pitch between A and B at three different rates. Whereas,4 4

the responses to individual oscillations diminished as the rate increased, the negative peak at the end of the oscillation was larger at the faster rates; its
latency of c. 100 ms was relatively constant with respect to the expected time of occurrence of the next pitch change.
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probability but no pattern of 3 or more notes was repeated
Žthis had the effect of eliminating the rhythmic pattern of

.condition 3 .
Ž .5 A pseudorandom sequence of 32 notes in which

every note of the chromatic scale between G and D3 6

occurred only once.
Ž .6 A downruprdown sweep of 32 notes in which

every note between G and D occurred only once. The3 6

sweep commenced on A , descended to G in intervals of4 3

a tone, ascended from Ga to D also in intervals of a3 6

tone and finally descended from Ca to B . This sequence6 4

was therefore non-repetitive and non-rhythmic but had a
distinct overall pattern.

Ž .7 A sequence comprising all 32 notes between G and3

D presented in 8 groups of 4 descending notes of the6

chromatic scale. The groups were widely spaced starting
on Bb , Bb , D , D , Fa , Fa , Bb and D . This4 5 4 6 4 5 3 5

introduced a rhythmic pattern without repetition of any
individual note.

3. Results

3.1. Experiment 1

Potentials associated with oscillation between the notes
A and B were consistently present at the slowest rate of4 4

Ž8 changesrs negativity peaking about 150 ms after each
.change but of very low amplitude or absent at the two

Ž .faster rates Fig. 1 . At the end of the oscillatory period, in
every subject a prominent negativerpositive response was
recorded in which the mean negative peak latency was

Ž .relatively constant 104–114 ms with respect to the ex-
Ž .pected time of the next pitch change Table 1 . Latencies

with respect to the last actual pitch change were approxi-
mately 240, 190 and 175 ms The negativity at the end of
the fastest modulation rate was of largest amplitude in
spite of the fact that the cycle period was shortest for this
condition. As compared with the N1 recorded to tone onset

Ž . w xor infrequent once every 2 s spectral changes 18 , the
negativity at the end of the oscillation sequence appeared
to be more anteriorly distributed on the scalp, being maxi-
mal at Fz or Fpz, whereas, the other potentials were both

Table 1
Ž .Experiment 1: mean, standard deviation and range eight subjects of

Ž .negative peak amplitude and latency values Fpz at the end of a period
of oscillation between 2 pitches

Ž . Ž . Ž .Oscillation rate Hz Amplitude mV Latency ms

Mean"S.D. Range Mean"S.D. Range

8 6.4"2.5 3.0–9.7 114"15 96–137
12 8.2"3.0 2.3–12.3 104"9 93–119
16 9.2"4.3 4.7–18.0 104"9 91–113

Latency values are with respect to the first expected pitch change which
failed to occur.

on average largest at Cz. In ANOVA of the six subjects
who participated in both studies the interaction between

Žstimulus condition onset, spectral change and end of
.oscillation and electrode location in the midline sagittal

plane did not reach statistical significance, but the ratio of
negative peak amplitudes at Fpz to Cz was significantly
larger for the responses at the end of pitch oscillation as

Ž .compared with onset or spectral change p-0.05 , sug-
gesting the end-of-oscillation negativity to be the most
anteriorly distributed.

3.2. Experiment 2

In the MMN study, responses to the standard A tones4

presented five times in every cycle consisted of a P1 at
60–70 ms followed by a shallow N1 and P2. Responses to
the deviant B presented once in every cycle consisted of4

a similar P1 and P2 but a larger N1. In the deviant–stan-
dard difference waveforms an MMN peaking between 110
and 140 ms was evident in seven out of eight subjects,

Ž .being largest in amplitude at Fz mean 3.0 mV and on
Ž .average slightly larger at Fpz than Cz Fig. 2 . The MMN

was therefore similar in distribution to the negativity at the
end of pitch oscillation although lower in amplitude. Fig. 3
shows the responses of one subject who had a very indis-
tinct MMN but a clear negativity at the end of 16rs pitch
oscillation.

When the tones were extended to eliminate the silent
intervals, the responses were clearly altered in morphology

Ž .and distribution Fig. 2 . A P1rN1rP2 complex was now
maximal at Cz and the P2 was particularly prominent,
being more than twice the amplitude of the N1. The

Ž .response to the ‘standard to deviant’ long to short tone
pitch change was markedly larger in amplitude than the
converse response but similar in morphology and distribu-
tion, as was the corresponding difference waveform. The
FpzrCz amplitude ratio of the latter was significantly
lower than that of the MMN in the difference between
responses to deviant and standard discontinuous tones
Ž .p-0.05 .

Fig. 4 shows the sagittal profile of mean negative peak
amplitudes for the 6 subjects who were common to Experi-

w xments 1 and 2 and also the previous study 18 . Responses
to infrequent spectral changes of continuous tones were
maximal at Cz and more than 50% smaller at Fpz, whereas

Ž .responses at the end of pitch oscillation Experiment 1
Ž .and the MMN Experiment 2 were maximal at Fz and less

than 20% smaller at Fpz. Responses to the onset of
discontinuous tones had an intermediate distribution.

3.3. Experiment 3

Starting from a steady tone, the responses evoked at the
beginning of the 16rs sequences of changes were similar
to those to infrequently occurring pitch changes, consisting
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Ž .Fig. 2. Experiment 2. The upper panel shows the group mean responses of eight subjects to standard A tones duration 100 ms, gaps 250 ms with deviant4

B tones occurring regularly after every five standards, plus the difference waveforms showing a mismatch negativity maximal at Fz. The lower panel4

shows group mean responses to the same tones extended to the point that the gaps were eliminated. In addition to a much larger P2, the N1 was more
posteriorly distributed, being maximal at Cz. The response to transition from the longer ‘standard’ to the shorter ‘deviant’ tone was of larger amplitude
than that to the converse change but the difference waveforms show no evidence of an MMN which would be expected to have a more anterior
distribution.

of a small P1, an N1 maximal at Cz and a prominent P2.
At the end of each sequence the responses were similar to
those of Experiment 1, the negative peak being more
anteriorly distributed than at the beginning of the se-
quence. Whereas the potentials at the beginning of each
sequence were similar to one another, those at the end
were consistently largest for the regular 2-, 3- or 5-note
patterns, the negativity measuring on average about 7 mV

Ž . Ž .Table 2 . At the end of the pseudorandom non-rhythmic
5-note sequence the response was on average slightly

Ž .lower in amplitude but not significantly so Fig. 5 . Re-
sponses at the end of the non-repeating 32-note sequences
were smaller and less consistent, but present in every

Žsubject except one with the notes patterned in rhythmic
. Ž .groups with a mean amplitude of about 4 mV Fig. 6 . No

significant differences were observed according to whether
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Fig. 3. Responses of one subject to standard and deviant tones of Experiment 2 plus the difference waveforms showing an indistinct MMN; however, at the
end of 16rs note sequences of Experiment 1 a large negativity was evoked, of maximal amplitude at Fz.

the 32 notes were presented in pseudorandom order, as a
rising and falling sweep or in rhythmic groups of four.

4. Discussion

The main finding of this study is that a negative poten-
tial probably equivalent to the mismatch negativity is
evoked when a complex tone comes to rest on a steady
pitch at the end of a period of rapid modulation. The fact
that the generator of the N1 to individual changes of pitch
was almost completely refractory at the higher modulation
rates indicates that the end of modulation must have been
signalled by a different process, by which the immediate
sound is compared with a template of the preceding modu-
lation pattern, extrapolated so as to predict the time that
the next pitch change should occur. This implies the
participation of a sensory memory store with a duration of
a few seconds and an internal clock whose precision is in
the order of milliseconds, as well as a comparator. Al-
though ‘automatic’ in so far as it appears not to require the
active attention of the subject, this is clearly a more
complex process than that necessary to signal simple onset
and offset of a tone, or a change in its spectral content.
Our pilot studies indicate that similar potentials may be
generated when an oscillating sequence ends in silence, but

w xnot at the end of a steady tone 18 . Detailed mapping will
be necessary to confirm the topographic separation of the

onset-N1, change-N1 and mismatch negativity suggested
but not absolutely proven by these studies.

The very extensive literature on long latency AEPs
includes rather few studies in which spectrally complex

w w xx wtones e.g., Refs. 3,48–50,53 or ‘musical’ stimuli e.g.,
w xxRefs. 5,9,10,38 were used. Apart from the fact that they

were spectrally complex, the discontinuous tones em-
ployed in the second experiment were fairly typical of

w xthose used to produce an MMN 36 , the deviants occur-
ring once every 2.1 s with one-fifth the probability of the
standards. For comparability with the condition in which
the gaps between the tones were eliminated, the deviants

w xwere presented at regular intervals; one study 44 has
reported no significant difference in the MMN according
to whether the deviants occurred regularly or randomly
with the same overall frequency, and this was also our

Ž .experience unpublished . The MMN seen in the deviant–
standard difference waveform was fairly typical in its
amplitude and distribution, measuring about 3 mV at Fz.
Its latency of approximately 120 ms was shorter than in
most previous studies, but this has been noted by others

Žwhen complex tones are used Tervaniemi, personal com-
.munication .

w w xxIt is now generally accepted e.g., Ref. 14 , that the
scalp distribution of the MMN is consistent with origin in
the supratemporal plane of one or both hemispheres, the
frontal maximum suggesting a locus somewhat anterior to
that of the principal generator of the onset-N1. We previ-
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w xFig. 4. Profile of negative peak amplitudes in Experiments 1 and 2, plus data from the previous study 18 . Mean amplitudes from the six subjects common
w xto all three experiments is presented. The N1’s to timbre change 18 and to pitch change of connected tones were both largest at Cz and very much smaller

Ž . Ž .at Fpz. The mismatch negativity recorded conventionally Experiment 2 and at the end of 16rs oscillation Experiment 1 were both largest at Fz and only
w xa little smaller at Fpz. The onset-N1 to disconnected tones 18 was of intermediate distribution.

w xously 18 , on the other hand, presented evidence that the
change-N1 has a more posterior distribution. Our previous
study also suggested that a transition from onset-N1 to
change-N1 starts to occur when the gaps between discon-
tinuous tones of different spectral composition become less
than about 200 ms In addition to these three topographi-
cally distinct potentials consistent with multiple generators
on the supratemporal plane, the T-complex which was a

Table 2
Ž .Experiment 3: mean, standard deviation and range five subjects of

Ž .negative peak amplitude and latency values Fz at the end of 16rs note
sequences

Ž . Ž .Amplitude mV Latency ms

Mean"S.D. Range Mean"S.D. Range

Sequence
2-notes 6.6"3.2 3.6–11.6 105"14 90–126
3-notes 6.7"2.5 3.8–9.2 106"11 98–126
5-notes regular 7.7"3.4 3.6–11.3 117"12 104–135
5-notes pseudorandom 6.4"2.7 3.6–9.6 104"12 96–124
32-notes pseudorandom 3.6"2.6 0.7–7.0 101"14 90–122
32-notes uprdown sweep 4.7"2.1 2.4–7.4 102"21 85–135
32-notes in groups of four 4.2"2.4 0.0–7.6 109"4 104–112

Latency values are with respect to the first expected pitch change which
failed to occur.

consistent feature of the previous study suggests a fourth
generator probably located in the lateral gyri of the tempo-

w xral lobes. We have already 17 reported the consistently
larger amplitude of the T-complex over the right hemi-
sphere of right-handed subjects and the reversed asymme-
try seen in about 25% of left-handers. The functional
significance of this potential is unknown, but a particular
role for the right temporal cortex in the processing of
‘musical’ sounds has been suggested by PET studies and

w xthe effect of clinical lesions 7,42,56,57 .
w xNaatanen et al. 33 examined the effect on the MMN of¨¨ ¨

increasing the overall rate of stimulation and reducing the
duration of the silent intervals, to the point that in the
limiting case the tones became continuous. A large nega-
tivity was elicited when the deviant stimulus followed the
standard without a break, but the authors were uncertain
whether this was in fact an MMN. In a more recent study

Ž .of auditory evoked magnetic fields to brief 100 ms
w xfrequency changes in a continuous tone 26 , two processes

were distinguished contributing to the field at about 100
and 130 ms, respectively in six out of nine subjects. On the
basis of source location modelling the generators were
identified as those of the onset-N1 and the MMN, respec-
tively. This experiment can be criticised in that only the
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Fig. 6. Experiment 3. Group mean responses of five subjects at the beginning and end of 16rs sequences of connected tones, duration 2 s, followed by 2 s
Ž .of a steady tone B . The sequences comprised 32 notes in different patterns but with no repetition. A small mismatch negativity is evoked at the end of4

each sequence, its latency c. 100 ms after the next expected change in pitch with a more anterior distribution than the P1rN1rP2 complex to the first pitch
change.

subjects who produced a distinct 2-peaked waveform were
selected for dipole modelling, and the mean goodness of fit
of only 90.7% for the first and 86% for the second peak
suggests that other generators may have made a significant
contribution. It is also hard to reconcile these authors’

w xconclusions with our 18 observation that the N1 to pitch
change of a continuous complex tone has a distribution
slightly posterior to that of the onset-N1; addition of the
MMN to the onset-N1 should conversely result in an
anterior shift. Our data, in other words, provide no evi-

Fig. 5. Experiment 3. Group mean responses of five subjects at the beginning and end of 16rs sequences of connected tones, duration 2 s, followed by 2 s
Ž . Ž .of a steady tone B . The patterns comprised 2, 3 and 5 notes in repeating sequences and 5 notes in a pseudorandom non-rhythmic sequence. In each4

case a typical P1rN1rP2 complex was evoked by the first change in pitch and a more anteriorly distributed mismatch negativity at the end, c. 100 ms
after the next expected pitch change. The latter was of slightly lower amplitude for the pseudorandom five-note pattern.
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dence that an MMN is generated when the tones are
Ž .connected or the gaps are less than about 200 ms and

pitch changes occur relatively infrequently. Under these
conditions the mechanism for change detection based on
the long auditory store appears to give way to a more
direct process, possibly involving the short auditory store
w x11 which is believed to underly such phenomena as
backward masking and the subjective increase in loudness
when the duration of a tone is extended up to about 300

w xms 43 .
Experiments 1 and 3, however, suggest that a change-

detection mechanism based on a longer duration sensory
store does come into operation at the end of a rapid
sequence of tones, signalling a change in the pitch modula-
tion pattern. The main evidence for this was that when the
modulation rate was varied the latency of the MMN was
relatively constant with respect to the non-occurrence of
the next pitch change, implying comparison of the instan-
taneous sound with a template of the preceding pitch
modulation pattern and generation of a response when the
expectancy that changes will continue to occur at the same
rate is dissatisfied. We have not established the minimum
duration of the sequence necessary for an MMN to be
generated at the end, but pilot experiments suggest that at
least 2 s may be necessary for maximal amplitude of the
MMN to be achieved, and if at least three changes are
necessary in order to establish an expectancy that further
changes will follow at the same intervals, at a rate of 8rs a
period of about 750 ms would seem be the practical
minimum. This clearly exceeds the duration of the short
auditory store, and the similar distribution of the negativity
at the end of pitch modulation to that of the conventionally

Ž .elicited MMN with silent gaps of 250 ms suggests that
these potentials probably reflect identical processes involv-
ing the long auditory store.

The MMN at the end of pitch modulation was most
robust when the modulation rate was relatively fast, 16rs
changes producing larger and more consistent responses
than 8rs. In the third experiment it was found that the
largest negativity was generated at the end of sequences
which were both repetitive and rhythmic, but that smaller
responses were still produced at the end of a pseudo-ran-
dom sequence in which each note occurred only once and
there was no overlying rhythmic structure. We have not
yet examined whether a response can be elicited at the end
of sequences which are temporally irregular, but the pre-
sent evidence would seem to imply that, whereas repetition
of particular pitches and their rhythmic grouping are rela-
tively unimportant, it is crucial that the precise timing of
the next change can be anticipated.

Several recent MMN studies have looked at the effect
of changing the temporal patterning of tones, the methods
converging with those of the present study in their use of
relatively short inter-tone intervals. Using pairs of tones of

w x w xtwo distinct pitches 49 or intensities 47 , an MMN was
shown to be generated by infrequently occurring pairs

differing from the standards in that their temporal order
w xwas reversed. It has also been shown 34 that an MMN is

produced when the time interval between repeated tones is
shortened or lengthened. The magnetic counterpart of the
MMN was shown to be produced when a single element of

w xa repeating cell of five tones was changed 3 , its distribu-
tion suggesting a generator situated slightly medially to
that responsive to deviant simple tones. The element which
changed was of different pitch to the other tones in the
cell, and it would be interesting to establish whether a
similar response is elicited when just the deviant pattern
involves repetition of one of its notes within the repeating
cell. All these studies reinforce the conclusion that the
auditory sensory stores play an important role in defining
and detecting change in the temporal modulation pattern of
the sound, by accurate encoding of pitch, intensity and

w xtiming information. One report 37 also suggests that
sensory memory processes may be used to abstract infor-
mation of a higher order, such as whether pairs of tones
whose absolute pitch level is allowed to vary, together
constitute a consistently rising or falling pattern.

Several groups have examined the possibility of using
the MMN as a clinical tool for testing auditory sensory
memory processes in patients with developmental, periph-
eral hearing, linguistic, attentional and learning deficits as

w xwell as brain damage 1,19,21,22,24,25,40 . Others have
begun to explore the utility of the MMN for investigating
the neurophysiological processes underlying speech per-

w xception 23,28 . However, a sequence of identical, discon-
nected ‘standard’ phonemes followed by a ‘deviant’ is
clearly far removed from actual speech patterns. The pre-
sent study demonstrates that sensory memory processes
can be shown to operate during periods of rapid, repetitive
or non-repetitive pitch modulation, much more closely
akin to real speech patterns. Perhaps the most significant
practical implication is that it is possible to record an

Ž .MMN of large amplitude often approaching 10 mv with-
out the need for off-line waveform subtraction or statistical
comparison. Some workers who have attempted to record

w w xxthe MMN in a clinical context e.g., Ref. 24 have been
frustrated by its poor signalrnoise ratio and have con-
cluded that more robust methods are needed. We believe
we now have a tool which is capable of clinical application
in responsive and unresponsive patients; at present this
may be confined to establishing that the spectral represen-
tation and chronological processes of the long auditory
store are grossly intact, but in future it should be possible
to examine the contents and processing capabilities of the
store in greater detail.
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