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Recent functional imaging studies have shown that sounds with
temporal pitch produce selective activation in anterolateral Heschl’s
gyrus. This paper reports a magnetoencephalographic (MEG) study of
the temporal dynamics of this activation. The cortical response specific
to pitch was isolated from the intensity-related response in Planum
temporale using a ‘continuous stimulation’ paradigm in which regular
and irregular click trains alternate without interruption. The mean
interclick interval (ICI) was 6, 12, 24, or 48 ms; the train length was 720
ms. The auditory sustained field serves as a level-dependent baseline
that enhances the signal-to-noise ratio over previous techniques.

The onset of pitch was accompanied by a prominent transient field,
followed by a strong sustained field, both of which were associated with
sources in lateral Heschl’s gyrus. The sustained field rose from baseline
about 70 ms after the onset of temporal regularity, asymptoted at about
450 ms, and commenced its return to baseline about 70 ms after pitch
offset. The peak of the transient field occurred between 130 and 190 ms
after regularity onset depending on the ICI.

The latencies of the cortical pitch response are substantially longer
than might be anticipated from temporal models of pitch perception.
This finding suggests that the temporal integration associated with
periodicity processing occurs in a subcortical structure, and that the
cortical responses reflect subsequent processes involving the measure-
ment of pitch values and changes in pitch.
© 2004 Elsevier Inc. All rights reserved.
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Introduction

There has recently been a series of brain imaging studies of
temporal pitch processing in cerebral cortex. The studies focus on
broadband stochastic sounds with varying degrees of temporal
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regularity, which have the advantage that both the pitch and pitch
strength can be varied without affecting the average distribution of
energy over frequency and time. These sounds make it possible to
isolate the neural response associated with the perception of pitch,
or a change in pitch, from the general response to the onset and
presence of a sound. The initial studies employed regular interval
sounds (RIS) in which the temporal fine structure of a random
noise is regularized by making a copy of the noise, delaying it, and
adding it back to the original noise, repeatedly (Yost et al., 1996).
Positron emission tomography (PET) and functional magnetic
resonance imaging (fMRI) (Griffiths et al., 1998, 2001; Patterson
et al., 2002) were used to show that there was selective activation
for pitch in a region of Heschl’s gyrus (HG), anterior and lateral to
primary auditory cortex, and the level of activation increased with
the degree of temporal regularity (i.e., the pitch strength). Selective
activation for melody appeared in regions beyond HG in Planum
polare and the superior temporal gyrus.

These studies prompted Gutschalk et al. (2002) to measure the
sustained fields (SF) produced by click trains using magneto-
encephalography (MEG), and to show that regular click trains,
which are perceived to have a sustained temporal pitch, produce a
markedly stronger SF than irregular click trains that do not have a
pitch. The sensor waveform produced by a regular click train is
illustrated by the bold gray line in the left panel of Fig. 1, while
that produced by an irregular click train is shown by the thin gray
line. (The figure introduces the fields and sources that are the
subject of this paper along with the terminology.) After click train
onset, the auditory evoked field (AEF) begins with a succession of
transient fields (TF) consisting mainly of the peaks P1m, N1m, and
P2m. The SF overlaps with these peaks at its onset around 300 ms,
after which it rises to steady state around 400 ms, where it stays
until the stimulus ends. The analysis of the data revealed that the
sensor waves can be explained by the combination of an ‘anterior
source’ in lateral HG and a ‘posterior source’ in Planum temporale
(PT). Source waves for regular and irregular click trains are
illustrated in the right-hand column of Fig. 1. The strength of the
SF in the anterior source varied with the degree of temporal
regularity in the click train, but the source was insensitive to sound
level over a wide range. The SF of the posterior source varied with
level but was insensitive to temporal regularity. The double
dissociation of responses made it possible to separate these
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Fig. 1. Summary of the nomenclature used in this paper to describe the onset and sustained responses to click trains. For simplicity, off-responses are excluded
from this scheme. Following Picton et al. (1995), we simply assign consecutive integers to the peaks of the transient fields when referring to the sensor
waveforms, or when the generator is not known (left-hand panel). The P (positive) or N (negative) refers, by convention, to the polarity of the wave at the
vertex electrode in EEG. The peaks in the source waveforms (right-hand panel) are designated by their latency in ms (Scherg, 1990). N and P now refer to the
polarity of the wave at the cortical surface, which largely coincides with the vertex polarity in the case of auditory cortex. This specification allows us to
distinguish the source components (e.g. N130, N110) that merge to form the N1m wave of the sensor data. The prefix ‘c’ indicates that data were obtained with
the continuous paradigm. In these (black) waveforms, no PIm is observed and activity in the posterior source is avoided. The negative transient (N130m,
cN150m) is referred to as the ‘pitch onset response’ (POR; Krumbholz et al., 2003). Together with the ‘sustained pitch response’ (SPR), it forms what might be

referred to as the ‘pitch response’ (PR).

relatively close sources with confidence, and once separated, it
became clear that the generators of the N1m are also affected by
the regularity of the click train. To differentiate the components of
the N1m, we refer to them by their typical peak latency (e.g.,
N130m and N110m), as suggested by Picton et al. (1995).

Subsequently, Krumbholz et al. (2003) used MEG to demon-
strate that the perception of the onset of pitch was accompanied by
a transient, surface-negative magnetic field whose source was also
in lateral HG. This transient field was isolated by appending a
spectrally matched noise to the front of a RIS. The pitch onset
occurs without a concomitant change in level, which avoids the
production of the TFs associated with changes in intensity (Bier-
mann and Heil, 2000; Mékela et al., 1988). The latency of the peak
of the TF was in the range 100—200 ms and it varied inversely with
the pitch of the sound. Moreover, the amplitude of the TF varied
directly with the pitch strength, indicating that the TF is, indeed,
associated with the onset of the perception of pitch. They called
this TF a pitch onset response (POR).

In this paper, we use MEG and continuous alternation of regular
and irregular click trains to investigate the temporal properties of the
SF and TF simultaneously, to compare the locations of their sources,
and their relationship to other components of the AEF. If the
posterior source is not affected by regularity, the SF will be the
same during the regular and irregular intervals, and we can eliminate
the posterior SF from the analysis by setting the measurement
baseline during the irregular interval. The activity during the regular
click train can then be associated with the anterior source. The AEF
evoked during the regular interval of a continuously alternating click
train is illustrated by the black waves in Fig. 1.

Models of pitch perception and models of the AEF

In the imaging studies involving RIS (Griffiths et al., 1998,
2001; Krumbholz et al., 2003; Patterson et al., 2002), the auditory
image model (AIM) of Patterson et al. (1992, 1995) was used to
simulate the internal representation of the sound, and to generate
hypotheses about where different aspects of the processing might
be in the auditory pathway. A brief description of the AIM is
presented here to illustrate how time-domain auditory models can
be used to interpret the transient and sustained components of the
AEF and their relationships.

Time-domain models like AIM simulate the spectral analysis
performed in the cochlea by the basilar membrane and outer hair
cells using a bank of 75—100 band-pass auditory filters." It is this
process that creates the tonotopic dimension of auditory process-
ing. Then, in each of the frequency channels defined by a filter, the
model simulates the neural transduction performed by the inner
hair cells and primary auditory fibers, using a unipolar, compres-
sive firing mechanism that effectively records the times of the
peaks in the wave flowing from that particular filter. Examples of
the basilar membrane motion and neural activity patterns produced

' The low pitches produced by the broadband sounds used in the
studies referred to here (e.g., Griffiths et al., 1998; Gutschalk et al., 2002)
cannot be explained by the spectral analysis performed in the cochlea. The
pitch appears to be based on the temporal information in the auditory nerve,
which is concentrated and extracted in the ascending auditory pathway
somewhere between the brain stem and auditory cortex (Griffiths et al.,
2001; Langner and Schreiner, 1988; Winter et al., 2001).
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in response to a natural vowel with a temporal pitch of 125 Hz are
presented in Patterson et al. (1995, Fig. 2).

In the next stage of processing, the system is assumed to
evaluate the time-interval information in each frequency channel
by computing something like an interspike interval histogram (IIH)
for the channel, and it is here that the responses to regular and
irregular click trains become markedly different. The IIH evoked
by a regular click train shows a pronounced peak at the period of
the train in virtually every frequency channel; whereas, there are no
enduring peaks in any of the IIHs for an irregular click train. The
array of IIHs is called an ‘auditory image’ and it is this represen-
tation that gives the model its name. The brain imaging studies
with RIS were partly motivated by the desire to delimit the location
of this representation in the auditory pathway, since it plays a
central role in this time-domain model of auditory perception.
Examples of the neural activity patterns and auditory images
produced in response to different samples of RIS are presented
in Griffiths et al. (1998, Figs. 1 and 2, 2001, Fig. 1), Patterson et al.
(2002, Fig. 1) and Krumbholz et al. (2003, Figs. 1 and 2).

In the MEG study of Gutschalk et al. (2002), AIM was used to
illustrate the neural activity patterns and auditory images produced
by regular and irregular click trains (their Fig. 1). There is a
vertical ridge of activity in the auditory image of the regular click
train, centered on its ICI (5 ms), and no corresponding feature in
the auditory image of the irregular click train. Gutschalk et al.
(2002) conclude that the pitch-related SF observed in lateral HG
represents a process that follows the construction of the auditory
image, and that it might represent the integration of pitch
information across frequency channels, and/or the calculation of
the specific pitch value. Patterson et al. (2002) argue that the
fMRI activity produced by RIS in lateral HG leads to similar
conclusions.

An‘\v.l'!'""“""‘"\-ol“"‘""'V'f"“"‘\.. .~ .

AIM preserves the temporal information necessary to explain
the transient components of the AEF as well as the SF, as would
virtually any time-domain model of pitch perception, and so these
models also provide a basis for interpreting the dynamics of the
AEF. Patterson et al. (1992) argued that the dynamics of auditory
perception indicate that activity in the auditory image builds up and
decays exponentially, with a half life of 30 ms—a time constant
that is much longer than those observed in the filtering and neural
transduction processes. The black curve in Fig. 2 shows the height
of the vertical ridge in the auditory image, as a function of time, in
response to a regular click train with a duration of 720 ms and an
ICI of 12 ms (a pitch of 83 Hz). The ordinate is inverted so that the
curve goes down when pitch strength increases, to facilitate
comparison with the MEG response in lateral HG. The height of
the pitch ridge increases (in the negative direction) over the first
100 ms of the sound and then asymptotes to a fixed level that is
sustained for the duration of the sound. When the regular click train
terminates, the height of the ridge decays back to baseline at the
same rate as it grew when the pitch came on. This suggests that
there should be a source that produces a SF with the time course
resembling the black curve in Fig. 2, in the region of the auditory
pathway associated with the auditory image. AIM does not
immediately predict that there should be transient fields like those
that appear in the AEF. It would be relatively simple, however, to
extend the model to include a process that monitors change in the
SF, and the output of such a process would be expected to resemble
the derivative of the SF function, which is shown by the dashed
line in Fig. 1. Thus, the dashed line shows the polarity and form of
the TFs that might be expected to accompany the predicted SF.

It is clear from the outset that such a simple model of auditory
processing is highly unlikely to explain the complicated dynamics of
the AEF. Nevertheless, as we show in the discussion, the model does
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Fig. 2. Temporal development of regularity representation in the auditory image model (Patterson et al., 1995). The stimulus is a regular click train with an ICI
of 12 ms and a length of 720 ms that is embedded in an irregular click train (shaded) with the same click density. To derive a flat level during the irregular
trains, the simulation for 10 different irregular trains was averaged. The gray curve represents the strength of the auditory image buffer at a delay of 12 ms
summed over all channels. The black line is a lowpass-filtered version of the same curve (20 Hz, Butterworth, zero phase shift). To get an estimate for a
transient response, we calculated the first derivative of the black curve, which is represented by the dashed graph.



758 A. Gutschalk et al. / Neurolmage 22 (2004) 755-766

constrain the interpretation of the transient and sustained compo-
nents of the AEF and enables us to use MEG data to study auditory
processing in considerable detail. Specifically, comparison of the
TFs and SFs evoked by regular and irregular click trains appears to
confirm that, if there is an auditory image like that proposed in AIM,
then it is in a subcortical structure (or maybe in Al), and the
processing in lateral HG represents subsequent processing of
pitch-related features after they appear in the auditory image.

Materials and methods

The SF involves at least two sources (Gutschalk et al., 2002); the
TF involves multiple generators that overlap the SF in time (e.g.,
Gutschalk et al., 1998; Loveless et al., 1996; Lii et al., 1992; Scherg
et al., 1989). In a volume conductor like the brain, adjacent current
sources blend and, as a result, spatiotemporal source analysis cannot
normally separate more than two or three processes within the
confines of auditory cortex (Scherg, 1990). Thus, it is important to
use an experimental paradigm that limits the number of sources
involved as much as possible. The SF observed by Gutschalk et al.
(2002) in Planum temporale depends on stimulus intensity but not
on stimulus regularity. Accordingly, we can assume that continuous
stimulation without changes in bandwidth or intensity fixes this
component of the SF, enabling us to use it as a baseline. Moreover,
the paradigm allows us to avoid the part of the onset response that
depends on the acceleration of peak pressure (Biermann and Heil,
2000; Krumbholz et al., 2003; Mikel et al., 1988).

This paper reports data obtained in two experimental sessions.
Experiment 1 introduces the continuous presentation paradigm of
regular and irregular click trains and compares it with the presen-
tation of stimuli in silence. Experiment 2 uses the continuous
stimulation paradigm to investigate the temporal dynamics of the
regularity specific auditory evoked fields and its dependence on the
click rate.

Listeners

Eighteen listeners (10 female, 8 male) participated in experi-
ment 1, and 12 listeners (6 female, 6 male) participated in
experiment 2. The mean age was 28.7 and 28.0 years in experi-
ments 1 and 2, respectively. Five of the listeners participated in
both experiments. All of the listeners were right handed and had no
history of peripheral or central hearing disorder. They provided
informed consent before participating in the experiments.

Stimuli

Regular and irregular click trains of 720-ms duration were
presented at an intensity of 28 dB relative to threshold for click
trains with a 12-ms interclick interval (ICI). The sampling rate was
48 kHz and the duration of the individual clicks was the minimum 1
sample (20.83 ps). The stimuli were presented diotically using ER-3
transducers (Etymotic Research, Inc.) with 90-cm plastic tubes and
foam ear pieces. These transceivers act like bandpass filters with an
effective band width from approximately 500—3000 Hz.

In experiment 1, the ICI for the regular click trains was 12 ms;
the irregular trains had the same average rate of clicks but the
position of each click in the series was uniformly jittered £6 ms.
Two conditions were compared: First, 300 regular and irregular
click trains were presented with an intertrain interval (ITI) selected

at random from 600 to 1000 ms (Fig. 2). The order of the regular
and irregular trains was randomized; that is, the click train was
presented once or twice before switching to the other condition. In
the second condition, the regular and irregular click trains were
presented in alternation without any silent interval in between (Fig.
3B). The sessions contained either 200 repetitions (first six
listeners) or 400 repetitions.

In experiment 2, the click trains were presented continuously,
alternating from regular to irregular every 720 ms. The ICI was 6,
12, 24, or 48 ms; the intensity of the clicks was held constant in
all conditions. Click trains were either perfectly regular or jittered
uniformly over + one-half of the ICI; that is, over +3, 6, 12, or
24 ms for the respective conditions. This is the maximum range
of jitter that avoids the problem of successive intervals over-
lapping. The important properties of this method of jitter are that
it produces an irregular click train with the same energy and
average click rate as the corresponding regular click train, but
without the buzzy pitch produced by the regular click train. These
jitter conditions are used to calculate the nonpitch baseline. Every
25 repetitions, the ICI changed to the next condition; 200
repetitions of each condition were presented (8§ X 25). For the
regular click trains, the precise length from the first to the last
click was 714, 708, 696, and 672 ms for ICIs of 6, 12, 24, and 48
ms, respectively.? The mean length of the irregular trains had the
same duration for each ICL

The 12-ms ICI was also used in two additional experiments
which are not reported here in detail but which were performed in
the same recording session. Together, the 12-ms conditions of all
three experiments provide an average with 600 replications for this
standard condition. This grand average was used to establish the
source locations for experiment 2, since it has the best signal to
noise ratio. The average was also used for a more detailed analysis
of the transient and sustained fields presented in this paper.

Recording and data processing

During the recording session, listeners watched a self-selected
silent movie in an attempt to maintain their vigilance at a relatively
steady level. The magnetoencephalogram was recorded continu-
ously with a Neuromag-122 whole-head MEG system (Neuromag,
Helsinki). The sampling rate was 1000 Hz with a 330-Hz lowpass
filter and no highpass filter (direct coupled). The data were
averaged offline with the BESA2000 software (MEGIS, Grifelf-
ing); artifact-contaminated epochs were rejected by an automatic
gradient criterion and by visual inspection. In the noncontinuous
condition, the length of the average epoch was from 400 ms before
to 1600 ms after stimulus onset. The baseline was derived from the
interval 100 ms before stimulus onset. In the continuous condition,
the baseline was derived from the final 100 ms of the irregular
stimulus, preceding regularity onset. The data were lowpass-
filtered at 20 Hz (zero-phase shift Butterworth filter, 24dB/oct.)
if not otherwise indicated.

T1-weighted magnetic resonance images (MRI) were obtained
from each listener on a 1.5-T, Siemens Symphony MRI-scanner.
Scans were performed in 176 sagittal slices yielding an isotropic
voxel size of 1 mm’. Dipole locations were coregistered on

2 The alternation interval is always 720 ms. The interclick interval at
the transition belongs half to the regular and half to the irregular train, or to
neither, or to both, which is why the CT duration and the alternation length
are sometimes different.
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Fig. 3. Summary of the stimuli used in experiment 1. (A) The
noncontinuous condition comprised regular and irregular click trains that
were repeated with a variable intertrain interval (ITI) of 0.6—-1.0 s. (B) In
the continuous condition, the regular and irregular trains were presented in
constant alternation between regular and irregular. (C) Within the irregular
click trains, clicks were jittered around the regular position by AJ, which
was in the range of + 1/2 ICIL The intervals where clicks can appear in the
irregular condition are shaded in gray.

individual scans and the positions were then transformed into the
coordinate system of Talairach (Talairach and Tournoux, 1988) for
further evaluation using Brainvoyager (Brain Innovation B.V.,
Maastricht). To determine whether source locations were indepen-
dent, the transformed coordinates of the dipoles were tested for
spatial separation in both hemispheres using the general linear
model for repeated measures. The significance levels were not
adjusted for multiple comparisons.

Source analysis

Spatiotemporal, dipole-source analysis (Scherg, 1990; Scherg
and Von Cramon, 1985) was used to separate the anterior and
posterior sources of the SF. A spherical head model was used and
the position of the sphere was aligned to the individual head surface.
The dipoles for the posterior SF source could only be fitted to the
irregular click trains of the noncontinuous condition. This is the only
condition that can be contrasted with a silent baseline, and does not
evoke sustained, pitch-related activity. The dipoles for the anterior
SF source could be fitted either to the regular-minus-irregular
difference in the noncontinuous condition, or the regular trains in
the continuous condition, where the baseline is set during the
irregular click trains. Both conditions contrast regular and irregular
click trains, so the remaining sustained field is the component
evoked by temporal regularity (i.e. the pitch of the stimulus). In all
cases, SF dipoles were fitted in the interval from 400- to 720-ms
post-stimulus onset. The dipolar sources for the TFs were derived
from the same three conditions as for the SFs. To suppress over-
lapping sustained activity, the data were highpass filtered at 3 Hz
(zero-phase shift Butterworth filter, 12 dB/oct.). The first negative
deflection in the AEF that peaks after 100—150 ms (N1m) was then
fitted in a 30-ms interval around that peak. Dipole locations were
considered acceptable, if they were within 15 mm of the listener’s
auditory cortex, defined as the gray matter of HG and PT.

The spatial filter used to extract source waveforms was obtained
by combination of the lead field vectors of the posterior and
anterior SF dipoles (or the respective combination of Nlm
dipoles). To model drift and other low frequency artifacts, a

principal component analysis (PCA) was computed over the
interval from 1340 to 1440 ms, post-stimulus onset (i.e., the
repetition of the baseline interval). The PCA component that
accounted for the largest variance in this interval was then added
to the spatial filter for the respective condition. In the case of eye
movement artifacts, blinks were averaged, and another PCA
component explaining the blinks was included in the spatial filter
(Berg and Scherg, 1994; Ille et al., 2002).

In experiment 2, the dipoles were fitted to the grand average
of the 12-ms condition. The dipoles derived from this condition
were then used as a spatial filter for the analysis of the grand
average as well as for all four ICIs. Two source models were
used: one consisted of the SF dipoles on their own; the other
contained the SF and N1m dipoles combined. Further details of
the source analysis are provided along with the experimental data
below.

Results
Overview

The MEG responses evoked by regular and irregular click trains
provide several forms of supporting evidence for the hypothesis
that there is a pitch processing region in the anterior part of
auditory cortex (HG), and a separate region in the posterior part
of auditory cortex (PT) that is highly active in response to the same
stimuli at the same time, but which is not concerned with the
presence or absence of temporal regularity in the click trains. The
results are presented in three parts: (1) The data from the first
experiment are used to locate dipoles for the SF and TF sources in
both the anterior and posterior regions of auditory cortex (Fig. 4),
and the SF and TF source waveforms are analyzed (Fig. 5). (2) The
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Fig. 4. Dipole sources with standard errors for experiment 1. The dipoles
are projected onto an axial plain through HG and PT with the sulcal borders
reported by Leonard et al. (1998) as an average from 53 normal adult
brains. The dashed lines are an extrapolation to x values of +£60 mm, where
it may extend in some subjects, depending on the individual brain shape.
Note that the small displacement in the z direction (Table 1) between the
dipole locations and the location obtained with fMRI by Patterson et al.
(2002) does not appear in the axial section shown here.
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Fig. 5. Grand average source waveforms for the SFs (A) and the TFs (B); note the expanded time scale for the TFs in (B). Black lines represent the continuous
condition; /= 0 ms marks the start of the regular train (baseline set to the irregular trains); gray lines show the noncontinuous data, where the thick lines represent
the regular and the thin lines the irregular condition. Source waves for the left (solid) and right (dashed) hemispheres are superimposed in both A and B.

results of the two-dipole model to the continuous data of the
anterior source are then compared to those from a four-dipole
model with separate sources for the transient and sustained fields
(Fig. 6), to determine the degree to which they can be separated.
(3) The data from the second session are used to describe the effect
of ICI on the SF and the TF in the anterior region of auditory
cortex (Fig. 7), again with a view to determining whether they
represent the same mechanism.

Dipole sources for the SF and TF and their source waves

The mean dipole positions for the SF sources and TF sources
from both continuous and noncontinuous stimulation are presented
in Fig. 4 on an axial plane through HG and PT with the borders
suggested by Leonard et al. (1998). There are four dipoles in a
cluster in the anterior part of auditory cortex that are sensitive to
the temporal regularity of the click trains, and there are two dipoles
in the posterior part of auditory cortex associated with a source that
is not sensitive to temporal regularity.

Sustained field sources

The SF dipoles for the anterior source were estimated from
regular-minus-irregular differences in the noncontinuous condition
and from the regular—irregular contrast in the continuous condi-
tions. On average, the dipoles are in the anterolateral part of HG in
both hemispheres; those for continuous stimulation (cSF) are
slightly anterior and lateral to those for noncontinuous stimulation,
but the difference is not significant (F»3, = 1.0; n.s.). The SF
dipoles for the posterior source are in the anterior part of PT. The
spatial separation of the anterior and posterior sources is highly
significant (anterior source fitted to noncontinuous difference
condition: F,3, = 11.97, P < 0.0001; anterior source fitted to
continuous-stimulation condition: F»34 = 17.97, P < 0.0001).
Dipoles were successfully fitted to all but one of the 18 listeners.
For the exception, CP, no dipole could be fitted in the left

hemisphere for the noncontinuous difference condition. Table 1
presents the Talairach coordinates for comparison with the MEG
data of Gutschalk et al. (2002) and the fMRI data of Patterson et al.
(2002). Individual dipole locations are more variable; of the
accepted 107 dipoles, 91 project close (up to 5 mm) to the gray
matter of HG or PT, 14 dipoles within a limit of 6—10 mm, and 2 in
a limit of 11-15 mm. When deviations in z-directions are
neglected, 25 of the posterior SF dipoles project to PT and 11 to
HG. For the anterior sources, 66 dipoles project to (or slightly
anterior to) HG and 5 dipoles to PT.

The grand average source waveforms are shown in Fig. 4.
The spatial filter in this case was composed of the posterior
sources fitted to the irregular trains in the noncontinuous condi-
tion and the anterior sources fitted to the continuous regular
trains. In the anterior region, the SFs for the regular trains are
large and of similar size for the two paradigms; there is no SF
for the noncontinuous, irregular click trains. In the posterior
region, the SFs for the noncontinuous condition are even larger
than in the anterior region, but there is no significant difference
between the SFs for regular and irregular click trains. In the
continuous condition, the baseline is set during the irregular click
trains. No SF is observed for the regular trains, which is
compatible with the finding that the SF in the posterior region
is not sensitive to regularity, as reported by Gutschalk et al.
(2002).

Transient field sources

At its onset, the SF overlaps with a TF consisting mainly of the
peaks P1m and N1m (cf. Figs. 1 and 5). The spatial filter fitted for
the SF separates these peaks and shows that the behaviour of the
N1m resembles that of the SF (Fig. 5A). In the anterior source, the
NIm is much larger for the regular click trains than it is for the
irregular click trains; in the posterior source, the amplitude is
essentially the same for regular and irregular click trains. The
latency of the negative peak in the anterior source is slightly longer
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Fig. 6. Separation of the transient and sustained fields in the continuous paradigm; grand average source waveforms. Left column: separated, anterior sustained
field and cN150m source waves; solid and dashed lines for the left and right hemispheres, respectively. Right column: the black lines show the average of the left
and right waves in the left-hand column; the gray lines show the source waves derived with the two dipole model fitted to the sustained field on its own. Regression
lines were fitted for the rising, steady and falling portions of the sustained field. Onset and offset of the regular train are marked by small arrows on the time scale.

(around 130 ms) than in the posterior source (around 110—120
ms). When the stimulation is continuous and the change that
induces the deflection is the onset of pitch rather than the onset
of energy with pitch, the negative deflection is much larger in the
anterior source. Moreover, the peak of the negative deflection is
delayed to around 150 ms after regularity onset, and in most
listeners, there is no P1m before the negative deflection. The
negative deflections will be distinguished in the following by
abbreviations that code the delay of the peak: the two derived
from the noncontinuous data will be called the N110m (posterior)
and the N130m (anterior), and the one derived from with contin-
uous stimulation will be called the ¢cN150m, which encodes both
the peak time (150 ms) and the paradigm (c). The nomenclature is
summarized in Fig. 1.

To investigate the sources of the TF (and especially the N1m)
more closely, and to compare them with the SF sources, we fitted
dipoles to the following three conditions: (1) the N110m in the
irregular condition, (2) the N130m in the regular—irregular
difference, and (3) the cNI150m in the regular, continuous
condition. Dipoles could be fitted for the N110m and the
cN150m in all listeners. The N130m in the difference condition
(regular minus irregular) could be fitted with one dipole in each
auditory cortex in 15 of the listeners, but not in the remaining
three listeners.

On average, the N110m dipoles fitted to the irregular condition
are in PT a little lateral and posterior to the source of the posterior
SF (Fig. 4). The position of the N110m is not statistically different
from that of the posterior SF (F%34 = 0.91; n.s). The dipoles fitted
to the ¢cN150m and the dipoles fitted to the N130m are in lateral
HG close to those of the anterior SF source; the dipoles of the
N130m are slightly lateral to those for the ctN150m. The spatial
difference between the N130m and the cN150m is not significant
(F>58 = 0.53; n.s.). Comparison of the ¢cN150m and the cSF
reveals a significant difference (F5 34 = 3.4; P < 0.05), although the
two sources are less than a centimeter apart. The location of the

N110m source is significantly different from that of the N130m
source (F5,5 = 11.08; P < 0.001) as well as from the cN150m
(F>34 = 18.67; P < 0.0001). Of the 104 acceptable dipoles, 77
project to the gray matter of HG or PT within a distance of 5 mm,
20 within a distance of 6—10 mm, and 7 within a distance of 11—
15 mm.

The grand average source waves derived with the TF source
model are shown in Fig. 5B; note the change of time scale from A.
The anterior source was fitted to the cN150m, the posterior source
to the N110m. As expected, the N110m is very similar for the
regular and irregular stimuli in the noncontinuous condition, while
no significant activity is observed in this source with continuous
stimulation. The cN150m is now mainly associated with the
anterior source and no longer appears in the posterior N110m
source. The N130m at the onset of the regular click train (in the
noncontinuous condition) has a similar shape as the ctN150m. It is
the case, however, that the wave has a more rapid onset; the mean
peak latencies are listed in Table 2. With regard to the P1m in the
noncontinuous data, the source waves for both the transient and
sustained fields show that the latency of the P1m is shorter in the
posterior source (around 60ms) than in the anterior source (around
75ms); this is the opposite of the negative peaks, N110m and
N130m, where the posterior source has the shorter delay. When the
Plm is fitted with a separate dipole, its mean location is in between
the anterior and posterior sources. In the single subject data,
however, the location is typically close to one or the other, which
suggests that there are multiple sources involved in the P1m as
well. However, there is no significant difference in the Plm
derived from the regular and irregular conditions, and so this
remains difficult to access.

In summary, in both the anterior and posterior regions, the
location of the negative part of the TF is very similar to that of the
SF source, and they have the same stimulus specificity. A more
detailed analysis of the separation of the cN150m and the (anterior)
cSF is the topic of the next subsection.
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Fig. 7. (A) Source waveforms of the ICI experiment (experiment 2). Left (solid) and right (dashed) hemispheres waveforms are superimposed; the 60 Hz
lowpass filter leaves the time-locked steady state response intact that is seen for ICIs of 24 and 48 ms. (B) Peak latencies of the ctN150m and (C) amplitudes of
the cN150m and the c¢SF. The cN150m is represented by black circles, the mean c¢SF amplitude from 400 to 720 ms by the white circles. Gray circles represent
predictions for amplitude and latency derived with the auditory image model. Latencies represent the turning point of the rising sustained representation plus a
fixed delay of 100 ms. The amplitudes represent the heights of the sustained representation relative to the irregular click train baseline (cf. Fig. 2). The

amplitude was arbitrarily scaled to 20 nAm for the 12-ms ICI condition.

Separation of the transient and sustained source waves

Although the sources of the cSF and ¢cN150m are near, they do
not appear to be completely identical. The 12-ms condition that
was presented 600 times to 12 listeners in session 2 provides a
more sensitive measure of the spatial difference. With one excep-
tion, all of the dipoles were within 5 mm of the gray matter of HG
or PT. For the exception (subject MK), the right cN150m dipole
was located 9 mm above lateral HG. Of the 24 dipoles fitted for the
cSF, 23 were in or slightly anterior to HG, one projected to the
anterolateral PT. Most dipoles were in the intermediate or lateral
part of the anterior half of HG. Some of the lateral dipoles were
slightly anterior to the first transverse sulcus, which is sometimes
not clearly discriminable in lateral HG. For the cN150m, 22
dipoles projected to HG and 2 to PT. Table 1 shows that on
average the cN150m dipoles are located slightly posterior to the
¢SF dipoles in these data, as in the data from the first session. In the
analysis of variance, the spatial difference between the location of
the cSF source and the cN150m source was significant (F,,, =
5.06; P < 0.05). However, when the hemispheres were examined
separately, the difference was only significant in the left hemi-
sphere ( /5, = 8.82; P <0.01; interaction of source X hemisphere:
F05 =4.1; P <0.05). It is also the case that the cN150m dipoles
were tilted forward 7° more than the ¢SF dipoles (F5,, =7.44; P <
0.01). So there is probably some displacement between the
transient and sustained fields, but the two sources would appear
to be closely related.

The two dipoles fitted for the c¢SF were then combined with
those for the cN150m to form a spatial filter consisting of four

dipoles. The grand average source waves derived with the four-
dipole model are plotted in the left-hand column of Fig. 6; the two
hemispheres are presented separately but there were essentially no
differences. The latency of the cN150m from the four-dipole model
is 150.6 ms (£2.0 ms), which is very similar to the 154.3 (£3.1)
from the two-dipole model. The data for the two hemispheres were
averaged and plotted in the right-hand column of Fig. 6 for
comparison with the waves from the two-dipole model. The
comparisons show that the two-dipole model produces a function
that is essentially the sum of the cN150m and cSF. The positive
inflection following the cN150m would appear to be mostly due to
the blending of the transient and the sustained fields rather than an
overlapping P2m, since a small P2m is only observed in few
subjects and it does not show up in the grand average source waves
(black line). Finally, the cN150m dipole picks up a transient
response after the offset of regularity. This off-response consists
of'a small P1m and a small N1m that are only separated in the four-
dipole model. They are followed by a prominent P2m that can also
be observed to follow the cSF in the source waves of the two-
dipole model. The latency of these waves are PIm = 85.9 ms
(£9.6 ms standard deviation), NIm = 132.8 ms (£13.4 ms) and
P2m = 219.9 ms (£22.6 ms). The P2m-off was not observed in
the noncontinuous condition, where the SF is followed instead by
continued negative source activity (cf. Fig. 5A). However, the
SFs do not simply fade out in the noncontinuous condition either,
so there is probably a transient off-response involved in this case
as well.

The three straight lines in the upper right panel are regression
lines fitted to the source waves to characterize the onset (150—-450
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Table 1
Dipole locations in the space of Talairach and Tournoux (1988)

Condition

Talairach coordinates (x, y, z; mean + SD)

Left auditory cortex

Right auditory cortex

Experiment 1 (n = 18)

N110m —55+38 —-31 + 10 11 £13 57+9 —24 +8 15+ 11
N130m* —49 + 10 —18 £ 9 12 £ 13 54+9 —12 £ 8 8+£9
cN150m —47 £ 7 —19£5 8+£9 49 £5 —11£6 10+£6
Posterior SF —50 £ 8 —28 £ 15 12 £ 8 53+6 —20 £ 8 12 +£ 10
Anterior SF® —46 £ 9 -17x7 7+£8 46 + 9 —11 +9 6+5
Anterior SF, continuous —48 + 7 —13+£5 9+ 10 48 £ 6 -9+6 §+9
Experiment 2 (n = 12)

Anterior sustained field —48 £ 5 —15+£2 5+6 47 £5 —10 £ 6 6+5
cN150m —47 £ 6 -20 £ 3 4+7 47 + 4 —11+7 §+6
Gutschalk et al. (2002)

Posterior source —47 £ 11 —24 +£7 10 50 £ 9 —20£5 18+9
Anterior source —-51 £ 10 —18 £5 7 47 £ 8 —13 £5 11 +£38
Patterson et al. (2002)

fMRI, fixed pitch vs. noise

Original MNI coordinates —55t4 —13£5 2+3 57+3 -9 +5 -2 13
Estimated Talairach® —49 —16 1 49 —12 -3
“n=15.

Pp=17.

¢ cf. http://www.mrc.cbu.cam.ac.uk/Imaging/mnispace.html.

ms), steady state (450—800 ms), and offset (800—860 ms) of the
cSF. Projection of the onset line back to baseline indicates that the
onset latency is about 60 ms, which confirms that the cSF onset
overlaps with the cN150m. The transition from the rising to the
‘steady’ portion of the cSF occurs at about 440 ms. The transition
from the steady to the falling portion of the cSF occurs about 75 ms
after regularity offset, indicating that the offset latency is just a
little longer than the onset latency. The projection of the offset line
intersects the baseline at about 150 ms after the offset of regularity,
so the offset of the SF is more abrupt than the onset, as is indicated
by the slopes of the first and third lines.

Variation of the transient and sustained fields with click rate

Grand average source waves for click trains with ICIs from 6
to 48 ms are shown in Fig. 7A; the dipoles used in the spatial
filter were fitted to the sustained field of the 12-ms condition
described above. The cSF amplitude decreases monotonically
with click rate (i.e., increasing ICI), and it is still greater than
zero when the ICI is 48 ms. The results are consistent with those
observed in the anterior source previously (Gutschalk et al.,
2002). For five of the listeners who also participated in exper-
iment 1, the dipoles for the posterior source could be included in
the spatial filter. This enabled us to confirm that there was no
sustained field at the location of the posterior source in all ICI
conditions.

The latency of the cN150m increases monotonically with the
ICL while its amplitude decreases. The latencies for ICIs of 6, 12,
and 24 ms are 126, 150, and 188 ms, respectively. For conve-
nience, we will continue to refer to this wave as the cN150m. It
was not possible to separate the cN150m from the cSF when the
ICI was 48 ms. Also, when the four-dipole model was used, no TF
could be distinguished. With increasing delay, the ¢cN150m-wave

moves closer to the cSF and the inflection between them disap-
pears. The fusion of the cSF with the ctN150m and the variability
between subjects combined to preclude estimates of the cSF
latency for all IClIs.

The latency of the ctN150m is plotted as a function of ICI in Fig.
7B, along with estimates derived from the auditory image model
introduced in Fig. 2 (Patterson et al., 1995). The model correctly
predicts that the latency of the response will increase with
increasing ICL; however, the latency of the cN150m grows at a
greater rate than predicted by AIM. The amplitude of the cSF and
the cN150m is plotted in Fig. 7C, along with estimates from AIM.
The model predicts that the amplitude will decrease as ICI
increases, but as with the latency, the rate of decrease is less than
predicted by AIM. The amplitude of the cN150m clearly decreases
faster than that of the cSF.

Discussion

In the first part of the discussion, we will briefly address the
advantages of the continuous stimulation paradigm, and then focus
on the source analysis and the anatomical generators of the
transient and sustained AEFs. The final part of the discussion is

Table 2
Latencies of transient source waveforms (n = 18)

Peak Dipole source Latency (ms) + standard error

Irregular Regular Continuous
Plm posterior 73.8 + 1.6 762 + 3.5 -
Plm anterior 574 + 49 59.7 £ 22 -
NIm posterior 111.8 £ 2.9 1122 + 1.9 -
Nlm anterior 131.0 £ 52 1325 £ 39 1543 + 3.1
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concerned with the temporal dynamics of the evoked pitch re-
sponse and the implications for the physiology of pitch perception.

Continuous stimulation paradigm

The data from the first experiment show that the anterior SF,
elicited by pitch stimuli, can be recorded with continuous and
noncontinuous stimulation. In the continuous condition, the sub-
traction is implicitly performed by setting the baseline during the
nonpitch condition. Continuous stimulation provides several
advantages over noncontinuous stimulation: First, the time to
acquire an equal number of averages is shorter, as no silent epochs
are required. Second, the signal-to-noise ratio for the continuous
condition is better by a factor of the square root of two, compared
with a subtraction condition having the same number of replica-
tions. In other words, only half the number of replications is
needed to achieve the same signal-to-noise ratio. Third, the part
of the onset response that is evoked by the onset of stimulus energy
is avoided (Jones et al., 1998; Krumbholz et al., 2003; Maikela et
al., 1988). This is especially important for ICIs in the lower pitch
range, where the latency of the cN150m overlaps with the P2m (in
the range 150—-200 ms). Finally, the reduction in the number of
sources simplifies the analysis of the remaining sources; the fewer
the number of sources that need to be modeled, the better the
signal-to-noise ratio in the source waveforms.

Sources of the transient and sustained fields

The results of the source analysis indicate that anterior and
posterior generators can be separated in auditory cortex for the
transient onset fields as well as for the sustained fields. The
locations identified for the TFs and SFs are similar; the spatial
difference between them was only significant in the continuous
stimulation condition. Moreover, the functional properties suggest
that the TF and SF from corresponding sites belong together.

Both the anterior SF and the ¢cN150m/N130m are associated
with temporal pitch. Their amplitude decays as the ICI increases
over a similar range, although the amplitude of the cN150m decays
faster than the cSF with increasing ICI. This difference, and the
temporal overlap of the source waves, suggests that they are not
generated by the identical population of neurons. The dipole
locations for the anterior SF and the cN150m/N130m are very
close to those reported by Patterson et al. (2002) using fMRI and a
pitch-minus-noise contrast. The MEG sources are displaced 5—10
mm above the fMRI sources (cf. Fig. 4; Table 1), but this is
probably due to technical differences in the imaging techniques.
The spatial extent of the source is quite focal in the fMRI
(Patterson et al., 2002). With respect to the close vicinity in which
the dipole locations for the cN150m and the cSF are found, one
would expect them to be largely generated within this same
auditory area. Recent single-cell data from Marmosets support
the view that the transient and sustained responses come from the
same area inasmuch as neurons with both sustained and transient
responses appear in both core and belt areas (Barbour and Wang,
2003; Lu et al., 2001). With reference to human anatomy, the pitch-
evoked responses are generated in a region lateral to primary
auditory cortex (i.e., koniocortex) (Braak, 1978; Hackett et al.,
2001). Recent cytoarchitechtonic studies (Morosan et al., 2001;
Rademacher et al., 2001) report that this area has properties similar
to the core region. However, data obtained with a variety of
histochemical staining techniques (Wallace et al., 2002) suggest

that the area in lateral HG is more like a nonprimary belt region.
Together, the fMRI and MEG findings suggest that the area in
lateral HG contains a pitch processing center. Krumbholz et al.
(2003) have recently suggested the functional label ‘pitch onset
response’ (POR) for the cN150m. Since the anterior sustained field
appears to be part of a closely related process, an appropriate
functional label would be the ‘sustained pitch response’ (SPR).
More generally, the two together would be the ‘pitch response’
(PR; cf. Fig. 1).

The amplitude of the posterior SF was linked to stimulus
intensity in our previous study (Gutschalk et al., 2002). While
the dependence of the N1 on stimulus intensity has been reported
to be less clear than that of the sustained potential (Ndéitdnen and
Picton, 1987; Picton et al., 1978b), the N1m (in this case probably
equivalent to our N110m) was found to be modeled well by the
acceleration of peak pressure at stimulus onset (Biermann and
Heil, 2000). This part of the sound onset response disappears when
temporal regularity is turned on without a concomitant change in
stimulus intensity (see also Krumbholz et al., 2003; Mékeli et al.,
1988). Apart from sensitivity to stimulus intensity and insensitivity
to temporal regularity, the defining characteristics of the posterior
source are rather unspecific. In fMRI studies, broadband sounds
are shown to activate the majority of auditory cortex independent
of whether they produce a pitch (Patterson et al., 2002). When the
stimulus is a modulated sinusoid and the intensity is varied, medial
Heschl’s gyrus was found more sensitive to stimulus intensity than
the surrounding belt (Brechmann et al., 2002; Hart et al., 2002).
This might initially suggest that the posterior source sums the
activity of primary and secondary areas throughout auditory cortex,
and that the location in Planum temporale is just the center of this
large area. However, human intracranial recordings do not reveal
transient activity beyond latencies of 80 ms within the confines of
medial HG. Moreover, major contributions to the N1m are
recorded from PT (Liegeois-Chauvel et al., 1994). Thus, the fMRI
data of Hart et al. (2002) and Brechmann et al. (2002) may rather
relate to earlier components such as the P1m, which was largely
attenuated in continuous stimulation like the N110m. With respect
to histological segmentation in auditory cortex (Braak, 1978;
Galaburda and Sanides, 1980; Rivier and Clarke, 1997; Wallace
et al., 2002), we would therefore expect that the ‘posterior source’
in PT is more focal, and reflects neural activity from auditory fields
of the posterior ‘belt’ (also called ‘parakoniocortex’), with very
limited contribution from medial HG.

It was not possible to locate the source of the triphasic response
observed at the transition from the regular to irregular sound due to
its small amplitude. It remains to be determined whether it is
concerned with the offset of pitch, or whether it is related to the
onset of the irregular click train. Since it is not an intensity change
response, it would appear to be associated with some aspect of
timbre or stimulus change like the response described by Jones et
al. (1998).

Dynamics of the pitch response and temporal models of pitch
perception

In the auditory image model, at the onset of temporal regularity,
the activity at the time interval corresponding to the pitch increases
from baseline at the start of the second cycle of regularity and rises
to steady state over about 100 ms when the pitch is 50 Hz or more
(cf. Fig. 2). In the MEG data, the sustained part of the pitch
response appears with a latency in the range 60—80 ms. The
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latency of the earliest response in primary auditory cortex of
humans is 15—19 ms (Liegeois-Chauvel et al., 1991), and in more
lateral parts of HG it is in the range 25—40 ms. So the onset of the
SPR is not much longer than might be expected from AIM.
However, AIM would predict that the field would asymptote in
the range of 150 ms, which is much less than the observed latency
of 450 ms. This is a significant difference in the sense that if the
half life of the auditory image were extended to fit the MEG data,
the model would be too sluggish to segregate successive auditory
events as we hear them.

AIM does not include a separate transient processor, but the
POR might be explained in terms of the temporal derivative of the
sustained wave (cf. Fig. 2). In this case, the latency of the POR
would be directly proportional to the ICI. The observed latency for
the POR (cN150m) increases monotonically with ICI, but it is four
times the ICI. The same relation was reported by Krumbholz et al.
(2003) for their RI sounds. Forss et al. (1993) had earlier reported
that the latency of the N1m complex increases with ICI (Forss et
al., 1993); however, the growth of the latency with ICI was much
smaller, indicating that different sources were involved. Mikeld et
al. (1988) reported that a subcomponent of the N1m appeared at
the onset of a square wave when it was preceded by an intensity-
matched noise. The response was not accompanied by positive
deflections and so it is reasonable to assume that they were
observing the POR. The period length in that study ranged from
0.5 to 5 ms. The latency decreased from 120 ms for the 5-ms
period to a plateau of 100 ms for periods of 2 ms or less (Makeld et
al., 1988). These latencies are similar to those that would be
extrapolated from our click train data.

The SPR was still observed at the lowest click rate, 21 Hz in
experiment 2. In our previous study, the lowest rate for the SPR
was between 10 and 13 Hz (Gutschalk et al., 2002). Krumbholz et
al. (2003) recorded a POR with their lowest rate, 16 Hz. No POR
was recorded at 21 in the current study, perhaps because the
interstimulus interval (ISI) was rather short (0.72 s). It was 5 s
(or 2 s from noise onset) in Krumbholz et al. (2003). The POR
fuses with the SPR at long ICIs, and so it can only be detected
when it is larger than the SPR. The pitch strength becomes steadily
weaker below 50 Hz, and at rates below 30 Hz, rate discrimination
becomes difficult (Krumbholz et al., 2000) and the stimuli can no
longer be used to detect errors in melodies (Pressnitzer et al.,
2001). Nevertheless, the sounds are still reported to have a weak
pitch and the clicks are not perceived as single events until the ICI
is about 100 ms. Thus, the presence of the cN150m and the anterior
SF at rates in the region of 20 Hz is compatible with the suggestion
that both arise from a pitch processing region in HG.

On the basis of fMRI data, Patterson et al. (2002) proposed that
the extraction of time-interval information from the neural firing
pattern in the auditory nerve, and the construction of the time-
interval histograms that form the auditory image, occurs at a
subcortical stage, while the specific pitch values and the pitch
salience are determined in lateral Heschl’s gyrus. This hypothesis
was partly based on physiological evidence indicating that time-
interval processing begins in subcortical regions (Griffiths et al.,
2001; Langner and Schreiner, 1988; Winter et al., 2001). Recently,
Penagos et al. (2003) have reported an increase in activity in lateral
HG when tone complexes include resolved harmonics. This would
support the view that integration of pitch information across
frequency channels occurs in this region of HG. Budd et al.
(2003) have also reported enhanced activity in lateral HG when
there is an interaural correlation between noise samples presented

at the two ears. Although these stimuli do not produce a pitch, the
activation supports the interpretation that there is cross channel
integration of temporal fine-structure information in this region.

The dynamics of the PR revealed by MEG provides indepen-
dent support for the hypothesis that the activity in HG represents
pitch processing after the auditory image. Firstly, the pitch
response in cortex begins far too late to represent the time-interval
processing underlying the construction of the auditory image.
Secondly, the rate of onset is too slow to be a direct representation
of the growth of the vertical ridge in the auditory image at pitch
onset. Thirdly, the response at pitch-offset is fundamentally differ-
ent from that at pitch onset, which would not be the case if it were a
direct measure of ridge height in the auditory image. Thus, it seems
more likely that the pitch response represents the integration of
time-interval information across frequency channels, and/or the
calculation of the specific pitch value and its strength.
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