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Abstract

Functional MRI was used to investigate the characteristics of the human cerebral response to dynamic ripples. Dynamic ripples are sound
stimuli containing regular spectrotemporal modulations, which are of major importance in speech processing; however, in contrast to speech,
dynamic ripples can be characterized fully by a limited number of parameters. Extensive activation consisting of multiple separate regions
was found bilaterally in the auditory cortex, particularly along the Heschl’s gyri. This agrees with the presence of a structural cortical
subdivision into functional fields. The level and the extent of activation were measured and correlated highly (R2 � 0.97). Both measures
depended strongly on the spectral density, temporal frequency, and amplitude of the modulations and matched the perceptual discernibility
of the spectrotemporal modulations. The largest responses occurred for parameter values near the optimal human sensitivity. The drift
direction of the modulations did not influence the activation. No quantitative differences were found between the two hemispheres. Average
brain activation levels proved to be separable with regard to the spectral density and temporal frequency of the modulations. Topographic
mappings of the modulation density and frequency onto the cortical surface were shown, approximately in posterolateral-to-anteromedial
and lateral-to-medial directions, respectively. Posterolateral regions were most sensitive to spectrotemporal features at a scale similar to
phonemes. Anteromedial regions, however, were also relatively sensitive to smaller scale acoustic features. This spatially dependent
sensitivity suggests a functional topographic and hierarchical organization of the auditory cortex.
© 2003 Elsevier Inc. All rights reserved.
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Introduction

In this study we focused on sound properties related to
speech, the processing of which obviously is an important
function of the human brain (Belin et al., 2000, 2002;
Jäncke et al., 2002; Wong et al., 2002; Wise et al., 2001;
Scott et al., 2000). In systematic studies, the structural
complexity of vocal sounds is a significant problem when
defining their exact properties (Hickok and Poeppel, 2000).

Therefore, simpler sound signals have been derived that can
be defined with mathematical exactitude, but that still con-
tain some essential characteristics of vocal sounds. An im-
portant category of such signals comprises modulated noise.
The most basic of these modulated noise signals contain
either temporal amplitude modulations (Giraud et al., 2000;
Wakefield and Viemeister, 1990) or static spectral modula-
tions, also known as rippled noise (Supin et al., 1999;
Calhoun and Schreiner, 1998; Versnel and Shamma, 1998).
However, modulations in the spectrum of speech are dy-
namic. Similar dynamic behavior can be incorporated into
modulated noise by combining temporal and spectral mod-
ulations, resulting in a spectral ripple drifting in time along
the frequency axis (Fig. 1). Such signals have a similar
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spectrotemporal envelope as speech and can model formant
transitions between vowels and changes in pitch due to
intonation. However, the resemblances between dynamic
ripples and vocal sounds are limited to acoustic and pho-
netic properties. Dynamic ripples are not associated with
speech on a phonological or linguistical level, involving the
recognition of syllables or the comprehension of words.

Dynamic ripples can be characterized by four parameters
(Fig. 2): the spectral modulation density � (in cycles per
octave, c/o), the temporal modulation frequency � (in cy-
cles per second, c/s), the modulation amplitude A (%), and
the drift direction d (downward or upward). Any sound
pattern can be regarded as a superposition of such dynamic
ripples, since they form a complete orthonormal basis of
functions. In electrophysiological animal studies, dynamic
ripples play a useful role in characterizing neuronal spec-
trotemporal response fields (Miller et al., 2002; Depireux et
al., 2001; Klein et al., 2000; Kowalski et al., 1996). Selec-
tive neuronal responses to the speed and direction of spec-
tral changes have been reported using a range of stimuli
(Liang et al., 2002; deCharms et al., 1998; Tian and Raus-
checker, 1998), as well as corresponding topographic map-
pings on the brain’s cortical surface (Versnel et al., 1995;
Mendelson et al., 1993; Shamma et al., 1993). However, in
humans electrophysiological experiments are unfeasible due
to the invasive nature of this technique. Psychoacoustical
experiments have been performed to measure thresholds for
the perceptual detection of spectrotemporal modulations;
near an optimum at � � 0.5 c/o and � � 4 c/s, dynamic
ripples with amplitudes A as low as 5% can be discerned
from noise without modulations (Chi et al., 1999).

We used functional MRI (fMRI), which is a volume
imaging technique that is suitable for humans, with the
additional advantage of a high spatial resolution. Although
the poor time resolution prevented us from directly detect-
ing any synchronization of neuronal responses with the
temporal sound modulations, sustained changes in overall
activity due to selective neural activation were measurable
(Seifritz et al., 2002). Given that the presence of tonotopy in
the auditory cortex has previously been demonstrated using
fMRI (Engelien et al., 2002; Le et al., 2001; Talavage et al.,

2000; Bilecen et al., 1998; Wessinger et al., 1997), it may
also be able to reveal any topographic organization associ-
ated with dynamic ripples. In contrast to animal studies, the
activation of the human auditory cortex in response to
dynamic ripples has not yet been studied systematically; in
this paper we investigate the magnitude and spatial distri-
bution of the cortical activation as a function of the previ-
ously mentioned dynamic ripple characteristics.

Materials and Methods

Subjects

Nine healthy subjects with normal hearing were recruited
(eight male, one female; aged 23–59 years, mean 37 years)
and gave written informed consent to participate in this
study. Of all subjects, four were right-handed, three left-
handed, and two ambidextrous (Oldfield, 1971). Subjects
received an explanation and a short demonstration before-
hand, but were not trained to the task.

Stimulus paradigm

A sound generation setup was used to present the audi-
tory stimuli. Each stimulus presentation consisted of a series
of two 3.25-s dynamic ripples (Fig. 3). The first sound
consisted of a reference stimulus with certain parameters
(�, �, d) and A � 60%. This was immediately followed by
a second stimulus with equal parameters (�, �, d), but A
equal to 30 or 100%. Values used for � were 1

4
, 1, and 4 c/o;

for � 2, 8, and 32 c/s; d was taken downward or upward. All
possible combinations of �, �, A, and d were included in
the experiment, giving a total of 36 dynamic ripple stimulus
series. In addition, 4 identical stimulus series were added
that consisted of two consecutive noise stimuli without any
modulations. Effectively this condition corresponds to A �
0%. These noise stimulus series were used as the baseline
condition in the subsequent image analysis. The experiment

Fig. 2. The spectrum of a dynamic ripple is based on pink noise, but
contains a modulation that drifts in time along the logarithmic frequency
axis in either direction d. The modulation density � equals the number of
spectral peaks present in a frequency band of one octave. The modulation
frequency � is equal to the number of spectral peaks that passes per second.
The modulation amplitude A is expressed relative to the noise level.

Fig. 1. A spectrogram showing the characteristics of a pure and continuous
tone (A), a fragment of speech (B, vowel transitions in the Dutch acronym
“aio” ), and a dynamic ripple with downward spectral drift (C). The shading
indicates the presence of spectral power as a function of frequency vs time.
Note the similarities between speech and dynamic ripples on an acoustic
and phonetic level, both containing spectrotemporal modulations.
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was performed in six blocks, each containing the total of 40
stimulus series in a different random order.

Task

Subjects were asked to compare both consecutively de-
livered auditory stimuli in each series and to press one of
two fiber optic button devices to indicate whether the per-
ceived modulation amplitude of the second stimulus was
larger or smaller than the first. The main purpose of this
two-alternative forced-choice task was to let subjects focus
actively on the auditory stimuli. The results were used only
to verify that the subjects understood the task and that they
were able to discern the spectrotemporal modulations.
Given the fact that they judged 85% of all stimulus series
correctly, this was indeed the case.

Stimulus generation

Stimuli were generated using a real-time signal process-
ing system (System II 16-bit DA converter, Tucker Davis
Technologies) at a 32.8-kHz sampling rate. The baseline
stimulus was computed by inverse Fourier transformation of
a 215-point complex array zk according to

zk � 1/��k� · exp(i�k), (1)

with quasi-random phases �k in the range �� � �k � �.
The amplitude spectrum defined in Eq. 1 ensures that the
logarithmic density of the spectral power �zk�

2 is constant
(i.e., pink noise). A spectrotemporal modulation was added
by transforming the complex spectrum zk to obtain a spec-
trum sk according to

sk � zk �
1

2
A · zk�� ·exp(�2�i · 2log(�k � ��) · �)

�
1

2
A · zk�� · exp(2�i · 2log(�k � ��) · �). (2)

The drift direction d is controlled by choosing the sign of
� and �. The 2log functions in Eq. 2 result in a constant
number of modulations per octave. Because the duration of

the waveform obtained after inverse Fourier transformation
(1 s) is a multiple of the period of all dynamic ripples that
were used, the waveforms could be repeated periodically
without introducing artifacts. Signals were scaled to obtain
equal intensity and loudness and windowed with an arbi-
trary rise/fall time (100 ms) to obtain the stimuli.

The stimuli were delivered by means of headphones
consisting of piezoelectric speakers built into a noise pro-
tection headset, with a lower cutoff frequency of 0.2 kHz. In
addition to the headphones, subjects wore earplugs, result-
ing together in 40-dB damping of the scanner acoustic noise
of 105 dB peak sound pressure level (SPL). The auditory
stimuli were presented binaurally at 80 dB SPL and were
damped by 20 dB by the earplugs alone. The spectral power
at different frequencies in the range 0.2–16.3 kHz varied
smoothly within 10 dB.

Imaging

Subjects were placed in a supine position in the bore of
a 1.5 T MRI system (Philips Intera, Philips Medical Sys-
tems), which was equipped with a standard quadrupolar
head receiver coil. A 3D T1-weighted fast-field echo scan
with 50 contiguous sagittal slices was acquired for anatom-
ical orientation (TR 9.85 ms; TE 3.5 ms; flip angle 15°;
matrix 256 � 256; voxel size 0.94 � 0.94 � 3.0 mm3). On
these high-resolution images an imaging plane was posi-
tioned parallel to the Sylvian fissure of both hemispheres,
containing the superior temporal gyrus of both temporal
lobes. An additional 3D T1-weighted fast-field echo scan
(TR 10.37 ms; TE 3.5 ms; flip angle 15°; matrix 256 � 256;
voxel size 1.25 � 1.25 � 1.75 mm3) was made of 20 slices
parallel to this imaging plane in order to serve as an ana-
tomical reference for the subsequent functional scans. The
functional scans were made using a scan volume identically
oriented to the anatomical reference scan. These acquisi-
tions consisted of a single-shot T*2-sensitive echo-planar
imaging (EPI) sequence over 10 slices (TR 9 s; TE 50 ms;
flip angle 90°; matrix 96 � 96; voxel size 2.5 � 2.5 � 3.5
mm3). For each subject the functional session consisted of
six blocks of 40 acquisitions each; all dynamic ripple con-

Fig. 3. A schematic representation of the acquisition and stimulus paradigms. Echo-planar imaging (EPI) scans were spaced 9 s; the silent periods in between
were used to consecutively deliver two similar dynamic ripple stimuli, only slightly differing in modulation amplitude (A). Below, the courses of the
hemodynamic responses are outlined. The dashed line represents the response to the scanner noise.
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ditions were acquired 6 times in total; the baseline condition
was acquired 24 times.

A considerable disadvantage of fMRI is the influence of
acoustic noise produced by the scanner itself, evoking au-
ditory responses that interfere with the responses to the
stimuli being presented. This problem was reduced by using
a sparse clustered volume scanning technique (Amaro et al.,
2002; Le et al., 2001; Yang et al., 2000; Edmister et al.,
1999; Hall et al., 1999; Talavage et al., 1999). The func-
tional acquisitions were performed at a rate of one per 9.0 s
and took 1.25 s per image volume, leaving 7.75 s of scanner
silence between acquisitions. An electronic trigger signal
was used to start the presentation of the 6.5-s stimulus series
precisely 1.0 s after the start of an acquisition (Fig. 3). The
9-s acquisition spacing allowed the hemodynamic response
to the scanner noise to be largely faded at the time the next
acquisition took place (Backes and van Dijk, 2002; Belin et
al., 1999). Insofar as there was a remaining contribution of
scanner noise it was the same in all acquisitions, and thus it
was assumed to cancel in the subsequent image subtraction
analysis. The immediate influence of the scanner noise on
the measurement itself was negligible because all slices
were acquired within less than 2s (Talavage et al., 1999).

Data analysis

In the data analysis we made use of the MatLab envi-
ronment (The MathWorks Inc.) and routines from the
SPM99 software package (Wellcome Department of Cog-
nitive Neurology). The functional images were motion-
corrected and spatially smoothed using a 5-mm Gaussian
kernel. Images were thresholded to omit voxels outside the
brain. Areas responding to the auditory stimulation were
identified by analyzing the data of each of the voxels indi-
vidually. We set up a general linear regression model con-
taining 36 conditions representing all different dynamic
ripple parameter combinations. To correct for drifts of the
scanner signal, the baseline was modeled by a first order
polynomial for each of the six acquisition blocks separately.
Because the acquisitions were spaced at as much as 9 s, and
because the order of the presented series of stimuli was
randomized in each block of acquisitions, we assumed that
consecutive acquisitions were uncorrelated to simplify the
analysis. We performed t statistics for contrasts between
subsets of dynamic ripple conditions and the baseline con-
dition to obtain statistical parametric maps (SPMs). These
subsets were made to include all conditions having the value
of one dynamic ripple parameter in common. For instance,
all dynamic ripples with � �

1
4

c/o were contrasted to-
gether against the baseline condition to obtain one SPM.
With the values mentioned for the parameters �, �, A, and
d, this leads to a total of 10 contrasts. Furthermore, one SPM
was constructed using the contrast of all dynamic ripple
conditions against the baseline condition. Within the SPM
formalism, the contrast vector was constructed such that the

conditions with A � 100% were weighted twice as strongly
as conditions with A � 30%.

Two different measures of the cerebral activation were
employed. First, we defined the activation extent (AE) as the
number of voxels in the brain becoming significantly active,
using a threshold of P � 0.001. The AE was determined as
a function of each dynamic ripple parameter separately. For
each of the 10 contrasts corresponding with a certain value
of a dynamic ripple parameter, the significantly activated
voxels in the brain were counted in the respective SPM,
without constraints on location or cluster size. Second, the
activation level (AL) was defined as the percentage of signal
change due to the hemodynamic response, averaged over all
significantly activated voxels in the brain. In this calcula-
tion, the contrast of all dynamic ripple conditions against the
baseline condition was used to determine one single set of
voxels that significantly responded in general. For each of
the 36 dynamic ripple conditions the percentage of signal
change caused by the hemodynamic response was averaged
over this set of voxels to obtain AL. In this way we were able
to determine AL as a function of all possible combinations of
parameter values.

Separability

Both in electrophysiological (Kowalski et al., 1996) and
in psychoacoustical (Chi et al., 1999) experiments it has
been found that the response to dynamic ripples is separable
with regard to � and �. This means that there is no mutual
dependence of these parameter characteristics, and the over-
all response is simply a product of the response character-
istics of both of these modulation parameters:

R��, �� � R� ��� · R� ���. (3)

To investigate the separability of AL in our experiment,
the method of singular value decomposition (SVD) was
applied. In order to use this method the data were shaped
into a matrix M, which was subsequently factored as M �
U · � · V†. In this expression � is a diagonal matrix
containing the eigenvalues �1 . . . �n in decreasing order,
and U and V are unitary matrices containing the correspond-
ing eigenvectors in both dimensional directions of the ma-
trix. The degree of separability 	SVD is defined as

	SVD � �1
2/��

i

�i
2�. (4)

This equals the proportion of M’s total power which is
accounted for by its best separable approximation (Depireux
et al., 2001).

Topographic mappings

The presence of any topographic organization in the
auditory cortex with respect to the parameters �, �, A, and
d was studied by determining which parameter values were
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able to elicit the largest response in individual voxels. Be-
cause the brain’s overall sensitivity to the presence of dy-
namic modulations strongly depends on the values of these
parameters, a normalization step was carried out first. For
each dynamic ripple parameter, the median response level
of all significantly activated voxels was calculated as a
function of the parameter value. Hereafter, the measured
response levels of individual voxels were divided by this
median brain response level to obtain a normalized response
level. In each voxel, the parameter value resulting in the
largest normalized response was determined for each sepa-
rate parameter. In order to determine the presence of a
topographic gradient, a linear function

f� x, y, z� � a · x � b · y � c (5)

of the lateral-to-medial and posterior-to-anterior coordinates
(x and y) was fitted to the normalized response patterns. As
can be seen in Eq. 5, the inferior-to-superior coordinate (z)
was not included in the fit, because the superior temporal
surface hardly extends in that direction. For each activated
voxel, f refers to the parameter value which gave the largest
normalized response. For example, when investigating the
topography of �, discrete values equal to 1, 2, or 3 were
fitted for f, indicating that the corresponding voxel gave a
largest normalized response for � � 2, 8, or 32 c/s, respec-
tively. Fits were carried out for the largest cluster of signif-

icantly activated voxels in the left and in the right auditory
cortices separately. The gradient vectors (a, b) of these fitted
functions were used to indicate the direction of the topo-
graphic mapping of the parameter (e.g., �) onto the cortex
and to determine its significance (P � 0.05).

Results

Activation extent and activation level

The cerebral activation caused by the spectrotemporal
modulations in dynamic ripples depended on the parameters
of the stimulus. Fig. 4 shows the results with respect to the
AE, averaged over all subjects. We found that AE is maximal
for low modulation densities (� �

1
4

c/o ) and small mod-
ulation frequencies (� � 2 c/s) and decreases monotonically
for both � and �. With regard to the modulation amplitude
we found that AE increased with A. In contrast, we did not
find any significant changes in AE with the drift direction d.
In Table 1 we computed the ratio of AE for the extreme
values of the relevant parameters, with P values indicating
the level of significance of the differences. Similar results
were found with respect to the AL. Again, AL decreased with
increasing values of � and � and increased with A. The
relative differences were smaller compared to AE, but still

Fig. 4. The dependency of the activation extent (top panels) and mean activation level (bottom panels) on the dynamic ripple parameters �, �, A, and d.
Results were averaged over all subjects, with error bars visualizing the standard error of the mean. The changes in activation as a function of the parameters
are all significant, except for those in d.
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significant. Again there was no dependency on d. To con-
firm the similarity between AE and AL, the correlation coef-
ficient between the subject averages of AE and AL for the
various parameter values was computed. The result
amounted to R2 � 0.97, indicating a strong linear correla-
tion between AE and AL (P � 10�7).

We applied the SVD method to analyze the separability of
the AL data with regard to � and �. To obtain a matrix of
values depending on � and � only, the AL’s were averaged
over A and d. For the individual subjects, the degree of
separability 	SVD was in the range 0.974–0.996, with a
mean of 0.989. When the data were averaged over all
subjects before the separability analysis, 	SVD equaled
0.998, indicating almost perfect separability.

Additionally, we compared AE as well as AL in the left
and right hemispheres separately. We found no significant
quantitative hemispherical difference for any dynamic rip-
ple stimulus or any set of stimuli (Table 1).

Activation pattern

To investigate the spatial distribution of cerebral activa-
tion, the signal change from baseline in response to the set
of all dynamic ripple conditions was calculated for each
activated voxel. A few representative images are given in
Fig. 5a. The anatomical T1-weighted background of these
images was extracted from the slice in the scan volume that
contained the largest mean activation, and it therefore shows
the anatomical structures that correspond with the main
regions of activation. The maximal activation level over all
10 slices was color coded and projected perpendicularly
onto this anatomical plane. In practice, the activation was
largely confined to about 3 slices in the temporal lobe.

For each subject substantial regions of activation could
be discerned bilaterally, with an organization into multiple
separate regions. These regions mainly extend in the pos-
teromedial-to-anterolateral direction, approximately parallel
to the Heschl’s gyri. Generally at least two main regions
could be identified in each hemisphere, stretching out along

the borders of Heschl’s gyrus. Usually more regions were
observed, sometimes located anteriorly in the planum polare
(in three subjects) but more often posteriorly in the planum
temporale (in five subjects). However, there is considerable
variability in the pattern of activation between subjects, and
within subjects there is quite some variability between
hemispheres. Fig. 5b shows the signal change averaged over
subjects in Talairach coordinate space. Two separate re-
gions of activation extending along Heschl’s gyrus are
clearly visible in both hemispheres, while in the auditory
cortex as a whole activation is present on a lower average
level.

Similar regression analyses using SPMs were carried out
to identify regions in the auditory cortex where the presence
of dynamic modulations decreased the baseline activation
caused by noise without modulations. No regions with sig-
nificant signal reductions were found.

Topographic organization

In Fig. 6 the parameter values to which each voxel
responded best after normalization to correct for differences
in sensitivity of the whole brain are illustrated. In this figure
the optimal parameter values for the voxels that showed
significant activation were color coded, as indicated in the
legends, and projected perpendicularly onto the anatomical
slice with the highest number of activated voxels. The top
left panel of the figure illustrates that the posterior (or
posterolateral) part of the auditory cortex is more responsive
to dynamic ripples with low spectral densities, whereas the
anterior (or anteromedial) part responds relatively well to
high values of �. This is visible in the form of a yellow-
to-red color gradient. This feature was noted by three inde-
pendent observers in five of nine subjects; in the other four
subjects this pattern was visible retrospectively. To quantify
this observation, the gradient of the 2D linear fit to the
spatial distribution of optimal � values was calculated. The
magnitude of this gradient was significantly different from 0
for six subjects (for both hemispheres). Its average direction
is indicated in the figure by the white arrows and deviated
from the posterior-to-anterior axis by approximately 30 	
50° (left hemisphere) and 30 	 20° (right) toward the
lateral-to-medial direction (mean 	 SD). Furthermore, it
was observed in six of nine subjects that the activated
voxels in a lateral position generally responded best to low
modulation frequencies, while voxels located more medi-
ally responded relatively well to higher �. Quantitatively,
the magnitude of the gradient was significant in five (left)
and six (right) subjects. The average direction deviated
approximately 65 	 60° (left) and 105 	 30° (right) from
the anterior-to-posterior axis, as indicated in Fig. 6. The
subjects that showed less clear parameter mappings for both
� and � were precisely those that showed the smallest
amount of activation. Both topographic mappings stretch
out over the entire region of activation in the auditory
cortex, which amounts to approximately 4 cm in the pos-

Table 1
A comparison of the activation for different values of various dynamic
ripple parameters, as well as for the left and right hemispheres

Comparison Activation extent
(AE)

Activation level
(AL)

Ratio P value Ratio P value

�: 1

4
c/o vs 4 c/o 1.933 0.05 1.255 0.06

�: 2 c/s vs 32 c/s 19.95 0.03 2.049 0.03
A: 100% vs 30% 3.557 0.03 1.647 0.03
d: Down vs up 1.124 0.5 1.015 0.8
Hemisphere: right vs left 1.072 0.9 1.024 0.9

Note. The P values were determined by the Wilcoxon matched-pairs
signed-ranks test, after which Hochberg correction for multiple compari-
sons was applied (Hochberg, 1988), and indicate whether the values for AE

as well as AL for the given parameter values differ significantly.
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terolateral-to-anteromedial direction for the dynamic ripple
density mapping and to 3 cm for the lateral-to-medial map-
ping of dynamic ripple frequency.

With regard to A and d, the observers found no system-
atic evidence of a topographic organization subjectively.
For these two parameters the normalized optimal response

appeared to show a smoothed random distribution. Still, up
to three subjects quantitatively showed a gradient that dif-
fered from 0. However, the directions of these gradients
varied greatly between subjects (with spreads in excess of
90° in both directions), and no representative average could
be calculated.

Fig. 5. (a) The spatial distribution of the signal change from baseline level for four representative subjects, indicated by the color coding. (b) The signal
change, mapped into Talairach space and averaged over subjects, overlaid on a canonical brain. The activation is concentrated in the auditory cortex and
shows a bilateral parcellation into multiple regions. All images are shown in radiological coordinates (the left hemisphere is on the right).
Fig. 6. The spatial distribution of the optimal modulation density �, modulation frequency �, modulation amplitude A, and drift direction d, respectively.
The colors represent the parameter values that lead to an optimal response in a voxel, after normalization to correct for differences in sensitivity of the whole
brain. When multiple voxels project to the same pixel, the corresponding colors are mixed. � and � show a topographic mapping on the auditory cortex in
posterolateral-to-anteromedial and lateral-to-medial directions, respectively, which is visible as a red-to-yellow color gradient. Results are shown for the
significantly activated voxels in one subject that showed both mappings. The white arrows indicate the direction of the gradient averaged over multiple
subjects. The images concerning A and d show a smoothed random distribution of optimal sensitivity, and no representative gradient is present. All images
are shown in radiological coordinates (the left hemisphere is on the right).
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Discussion

Activation dependencies

We considered two quantitative measures, the extent (AE)
and the level (AL) of activation. In principle it is possible for
these two measures to show different dependencies on the
dynamic ripple parameter values. After all, large volumes
that show marginally significant activation might well be
imagined, as well as confined regions with high activation
levels. Nevertheless, our data show an almost perfect cor-
respondence between both measures (R2 � 0.97); AE shows
the same general trends as AL. This suggests that at least in
this experiment both are adequate measures of cerebral
activation. The origin of the stimulus dependence of AE is
not obvious, but has also been shown in other experiments,
e.g., for stimulus loudness (Brechmann et al., 2002; Hart et
al., 2002; Lockwood et al., 1999; Mohr et al., 1999; Jäncke
et al., 1998). It may partly be related to physiological phe-
nomena, such as the recruitment of a larger neuronal pop-
ulation, or to an increased response contribution from drain-
ing veins and also to the spatial smoothing of the data (Hall
et al., 2001). In the following discussion we refer to both
measures simultaneously.

Our results show that the perception of dynamic ripples
is accompanied with significant amounts of bilateral activa-
tion in an extensive part of the superior surface of the
temporal lobes. The activation differs considerably as a
function of the parameters � and �, although the spatial
locations of maximal activation stay approximately the
same. Significantly fewer voxels reach the activation thresh-
old as � and � take on larger values. Our findings indicate
that the human auditory processing on a cortical level
mainly focuses on spectrotemporal modulations that are
quite sparse in the spectral sense (� �

1
4

c/o ) and relatively
slow in the temporal sense (� � 2 c/s). This agrees with the
psychoacoustical data that show that the sensitivity in hu-
mans to dynamic ripples with these parameters is close to
the optimum (Chi et al., 1999). These values also fall within
the range of modulations that are present in speech and
correspond best with formant transitions. For even lower
values of � and �, we would expect the brain’s sensitivity
to the presence of spectrotemporal modulations to diminish
again.

Because we observed a similar � dependence of the
cortical activation regardless of �, and a similar � depen-
dence regardless of �, we reasoned that the activation might
be separable with regard to � and �. To confirm this
impression we applied the SVD method to our AL data. The
high degree of separability proved that the deviations from
complete separability were negligable. Despite the limited
amount of data, this is an important finding because it
enables one to determine the brain response to all possible
parameter combinations by measuring only the dependen-
cies on � and � separately, holding the other parameter

constant. However, from our data this conclusion is only
justified for average responses in the brain as a whole, or at
least large regions containing a multitude of neurons. We
cannot extrapolate this to single neuron response character-
istics.

Activation pattern

The large extent of activation shows that the processing
of the spectrotemporal dynamics of sound is not confined to
one specialized region in the auditory cortex. Instead nu-
merous regions of activation were shown to exist. These are
spread over the entire auditory cortex, mainly along Hes-
chl’s gyrus, but also extend posterolaterally onto the planum
temporale and to a lesser extent anteriorly onto the planum
polare. There is considerable variability in the precise loca-
tion and number of regions involved between subjects and
hemispheres. Nevertheless, the average activation persis-
tently showed two regions of activation flanking Heschl’s
gyrus, in both hemispheres (Fig. 5b). The anterior region
extends along Heschl’s gyrus, somewhat on its anterome-
dial side toward the circular sulcus. The posterior region
also extends along Heschl’s gyrus, but is located on its
posterolateral side, bordering Heschl’s sulcus. Both regions
primarily occupy the lateral part of the auditory cortex. This
pattern may correspond to functional areas in the cortex and
is quite consistent with the stripe-like patterns of activation
described by others and denoted as T1b and T2 (Brechmann
et al., 2002; Di Salle et al., 2001; Scheich et al., 1998).
These regions might correspond with the most lateral por-
tion of the auditory core region, Te1.0 and Te1.2, and the
auditory belt region, Te2 (Morosan et al., 2001).

There are strong indications from the literature that dif-
ferences exist between hemispheres concerning the process-
ing of sound, especially at higher processing levels (Gage et
al., 2002; Palomaki et al., 2002; Zatorre et al., 1992, 2002;
Binder et al., 1997). Nevertheless, we did not find any
statistically significant differences in the amount of activa-
tion between the left and right hemisphere. This was valid
for the responses to the individual ripple stimuli, as well as
for the mean response to the combined set of all stimuli. The
precise patterns of activation differ between hemispheres
within subjects, but this variability exists between subjects
as well. Because dynamic ripples contain similar spectro-
temporal modulations as speech fragments, a left hemi-
sphere preference might have been expected. However, the
lack of phonological content apparently results in similar
activity of both hemispheres. Current evidence indeed sug-
gests that there are functional hierarchies, such that the early
stages of processing take place in auditory core areas bilat-
erally. High cognitive functions like speech recognition and
comprehension depend on these areas, but also involve
more extensive regions predominantly in the left hemi-
sphere (Zatorre et al., 2002; Binder et al., 2000; Hickok and
Poeppel, 2000; Demonet et al., 1992)
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Topographic organization

The auditory cortex contains mappings of certain sound
characteristics (Schreiner, 1998). Tonotopy is best known
and refers to the fact that the frequency of the tone that
evokes the largest response depends on the cortical location
of the neurons. In this experiment mappings of dynamic
ripple parameters onto the auditory cortex were considered.
It would have little meaning to determine the parameter
values for which the absolute response of a voxel is largest,
because we have already shown that the mean response in
the brain is highly parameter dependent (Fig. 4). The overall
differences in sensitivity would overshadow the differences
that might exist between voxels. In fact almost all voxels did
indeed respond best in an absolute sense to the same set of
parameter values (� �

1
4

c/o , � � 2 c/s, A � 100%).
Therefore we corrected for the brain’s overall responsive-
ness by normalizing. Then, if no topographic organization
of dynamic ripple parameters were present, approximately
identical distributions of activation would be found for all
dynamic ripple conditions. For each voxel it would be a
matter of chance which dynamic ripple evoked the largest
normalized response. Using this normalized definition of
topicity we found strong indications that a topographic
organization indeed exists for � and �, but no systematic
topicity was clear for d or A.

With respect to the temporal modulation frequency �, we
found a topographic mapping approximately in the lateral-
to-medial direction. Regarding the spectral modulation den-
sity � there is a mapping approximately in the posterolat-
eral-to-anteromedial direction. This topicity was found in
both hemispheres, although the results for the right hemi-
sphere were slightly more consistent between subjects. With
respect to temporal modulations, similar large-scale topo-
graphic organizations were found in humans (Giraud et al.,
2000) and nonhuman vertebrates (Miller et al., 2002; Schre-
iner and Urbas, 1988). The mapping regarding spectral
modulations can be related to findings concerning a spa-
tially dependent selectivity to the spectral broadness of
stimuli (Rauschecker et al., 1995). Both topographic orga-
nizations span the entire auditory cortex. This suggests a
hierarchical organization of the human auditory cortex as a
whole with regard to modulation density and frequency.
The anteromedial region responds relatively well to sounds
with small-scale spectral and temporal features (i.e., high �
and �), representing acoustic details like specific voice
characteristics or the presence of echoes. This is in line with
the primary auditory cortex being located in this region
(Morosan et al., 2001; Rademacher et al., 2001; Galaburda
and Sanides, 1980). The posterior and lateral regions, on the
other hand, respond best to the slowly changing large-scale
features in the spectrum (i.e., small � and �), in both the
absolute and the relative sense, by performing some spec-
trotemporal integration (Thivard et al., 2000). This indicates
a specialization toward the processing of formants and pho-

nemes. This agrees with the fact that speech-related areas lie
in these regions (Wise et al., 2001; Hickok and Poeppel,
2000).

In electrophysiological experiments, neuronal prefer-
ences were shown for the direction (d) of spectral drifts
(deCharms et al., 1998; Tian and Rauschecker, 1998;
Shamma et al., 1993). Several reasons can explain why our
results did not demonstrate any differences in the average
brain response or any topographic mapping with respect to
d. First of all, the number of responding neurons may be
small. Note that only a small fraction of the neurons might
respond to a stimulus with a given set of parameter values
(�, �, d and A) when selectivities exist for combinations of
these parameters. Functional MRI is a technique with a
limited signal-to-noise ratio and will not be sensitive
enough to distinguish a sufficiently small fraction from the
background activation of the complete cell population. Sec-
ond, a population bias toward either drift direction may be
absent in humans. If neurons with preferences for upward
drifts have the same spatial density as neurons that prefer-
entially respond to downward moving ripples, then the
measured macroscopic response patterns may be similar.
The literature suggests that neurons with directional prefer-
ences are clustered at small scales (�0.2 mm) within cor-
tical fields (Nelken and Versnel, 2000), while at larger
scales directional preferences do not differ between multiple
fields (Tian and Rauschecker, 1998; Kowalski et al., 1995).
This scale at which clustering is found is too small to
resolve using fMRI at 1.5 T.

In summary, we found a shift in the brain’s sensitivity
from small-scale to large-scale spectrotemporal features as
signals are mediated from primary to secondary auditory
cortex. Such a notion is of fundamental importance in the
understanding of the hierarchical processing as it takes
place in the auditory cortex.
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