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To understand spoken language, the human brain must have
fast mechanisms for the representation and identification of
speech sounds. Stimulus-induced synchronization of neural
activity at gamma frequencies (20–80 Hz), occurring in humans
at 200–300 msec from stimulus onset, has been suggested to
be a possible mechanism for neural object representation.
Auditory and visual stimuli also evoke an earlier (peak �100
msec) gamma oscillation, but its dependence on high-level
stimulus parameters and, thereby, its involvement in object
representation has remained unclear.

Using whole-scalp magnetoencephalography, we show here
that responses evoked by speech and non-speech sounds
differed in the gamma-frequency but not in the low-frequency
(0.1–20 Hz) band as early as 40–60 msec from stimulus onset.
The gamma-band responses to the speech sound peaked

earlier in the left than in the right hemisphere, whereas those to
the non-speech sound peaked earlier in the right hemisphere.
For the speech sound, there was no difference in the response
amplitude between the hemispheres at low (20–45 Hz) gamma
frequencies, whereas for the non-speech sound, the amplitude
was larger in the right hemisphere. These results suggest that
evoked gamma-band activity may indeed be sensitive to high-
level stimulus properties and may hence reflect the neural
representation of speech sounds. Consequently, speech-
specific neuronal processing may commence no later than
40–60 msec from stimulus onset, possibly in the form of acti-
vation of language-specific memory traces.
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Synchronization of neuronal firing, often associated with gamma-
frequency (20–80 Hz) oscillations, has been hypothesized to have
a critical role in feature binding and thus in the generation of
object representations. Indeed, several studies in awake and anes-
thetized cats, monkeys, and humans have provided evidence for
the key role of neural synchrony in feature integration (Singer
and Gray, 1995; Gray, 1999; Singer, 1999; Castelo-Branco et al.,
2000).

In humans, the functional roles of the evoked (phase locked to
stimulus onset) and induced (non-phase locked) gamma oscilla-
tions, occurring at 40–100 and 200–300 msec from stimulus onset,
respectively, have been studied using visual and auditory stimuli.
In accordance with the binding and representational hypotheses,
studies with visual stimuli have demonstrated that the amplitude
(Lutzenberger et al., 1994; Tallon-Baudry et al., 1996, 1997;
Eulitz et al., 2000) and the degree of large-scale synchrony (Ro-
driguez et al., 1999) of the induced gamma oscillations depend on
Gestalt or cognitive stimulus properties such as coherence and
meaningfulness. Accordingly, auditory induced gamma oscilla-
tions have been shown to reflect, for example, lexical processing

(Pulvermüller et al., 1996). The evoked gamma response, on the
other hand, has been reported to be insensitive to such high-level
stimulus properties both in the visual (above) and in the auditory
modalities (Pantev et al., 1991; Bertrand and Pantev, 1994; Pantev
and Elbert, 1994; Tiitinen et al., 1994; Haenschel et al., 2000),
although Knief et al. (2000) showed that evoked gamma responses
to sounds with regular or irregular harmonic structures differed
from each other. It has thus been suggested that the induced
gamma oscillations underlie object representation (Tallon-
Baudry and Bertrand, 1999), whereas evidence for a similar role
of the evoked oscillations has not been available.

Other lines of research have shown that high-level neural
representations of behaviorally relevant stimuli such as phonemes
(Näätänen et al., 1997), complex visual scenes (Thorpe et al.,
1996), faces (Linkenkaer-Hansen et al., 1998), and visually pre-
sented words (Assadollahi and Pulvermüller, 2001; Pulvermüller
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et al., 2001) are available within 100–150 msec from stimulus
onset, only shortly after the termination of evoked gamma oscil-
lations. Here we examine the possibility that the evoked gamma
response reflects the generation of early neural object represen-
tations, which would be supported by sensitivity of the response to
high-level stimulus properties (Tallon-Baudry and Bertrand, 1999).
We investigated magnetic evoked responses to a speech sound
and to its non-speech acoustical equivalent. Here we show that
the evoked responses to these stimuli are distinct in the gamma-
frequency band in the left and right cerebral hemispheres.

Some of the results presented in this paper have been previ-
ously published in abstract form (Palva et al., 2000).

MATERIALS AND METHODS
Subjects and stimuli. Magnetic responses to speech and complex non-
speech sounds were recorded from 17 healthy, normal-hearing, right-
handed native Finnish speakers. The subjects gave their informed con-
sent before their participation in the study. The experiments were
performed in accordance with the Declaration of Helsinki and the ethical
guidelines of the University of Helsinki. The sound stimuli were plosive
semi-synthetic Finnish syllables /pa/ and /ka/ (Alku et al., 1999) and
complex non-speech stimuli, each constructed to match both the conso-
nant (/p/or/k/) and the vowel parts (/a /) of the syllables (see “fast”
complex sounds described in Shtyrov et al., 2000b). The stimuli were
presented in separate sessions counterbalanced across the subjects. The
sound duration and the stimulus-onset asynchrony were 185 and 900
msec, respectively. The probabilities of /pa/ and /ka/, and their non-
speech equivalents, were 0.85 and 0.15, respectively. All subjects per-
ceived the speech sounds as proper syllables, and none of them reported
perceiving phonetic content in the non-speech sounds. The perceptual
categorization during the experiment was indexed by the lateralization of
the mismatch fields evoked by the less frequent stimuli (Shtyrov et al.,
2000b). Data shown here were extracted from the responses to the
frequent stimuli (/pa/ and its non-speech equivalent), for which a mini-
mum of 1000 epochs were averaged online. The sounds were delivered
binaurally at 60 dB above the hearing threshold. Subjects were instructed
to attend to a silent video film and to ignore auditory stimuli.

Data acquisition. Magnetic responses were recorded and averaged
online with a 122-channel whole-scalp Neuromag-122 magnetoencepha-
lography (MEG) system in a magnetically shielded room with a sampling
rate of 600 Hz. Epochs (from 200 msec before stimulus onset to 350 msec
thereafter) with electro-oculogram or MEG values exceeding 150 �V or
3000 fT/cm, respectively, were excluded.

Data analysis. To represent the signal amplitude as a function of time
and frequency, the evoked responses were filtered with Gabor wavelets
h(t,f ); h(t,f ) � kexp (�x 2/2 � imx), x � 2�f t/m, where time and fre-
quency are denoted by t and f, respectively, m � 8, i � ��1, and k is a
normalization constant. The moduli of the complex-valued filter outputs
represent the amplitude of the signal at narrow frequency bands as a
function of time (Sinkkonen et al., 1995). The center frequency f of the
wavelet was varied in 1 Hz steps to cover the frequency range between 20
and 75 Hz. The mean modulus of the prestimulus time from �150 to �50
msec was subtracted from the modulus of the whole signal separately at
each frequency. For each subject, condition, and hemisphere, we aver-
aged the time-frequency representations of the 10 channels with the
largest amplitude maximum relative to the prestimulus level within 25–75
Hz and within 0–100 msec from stimulus onset. We estimated the latency
and amplitude of the amplitude maximum at each wavelet frequency,
which gave a string of latency–amplitude pairs spanning the analyzed
frequencies. The latency and amplitude values (see Fig. 2) were accepted
for statistical analysis (one-way ANOVA) only when the peak amplitude
exceeded the respective values of the prestimulus interval by at least 4
SDs in both hemispheres. Stimulus–hemisphere interactions were eval-
uated with two-way ANOVA. The results of the statistical analyses were
not corrected for multiple statistical comparisons (55 tests in each graph
of Fig. 2). The binomial probability P for obtaining six false positives at
the significance level p � 0.05 or three at the level p � 0.01 is p � 0.05.
The results did not change essentially with changes in the values of the
m-parameter (6–9), the number of the selected channels (5–10), the
peak-detection threshold (2–7 SD), or with the statistical test (ANOVA,
paired t test, Wilcoxon signed-rank test).

We also estimated the frequencies of the amplitude maxima from the

latency–amplitude pairs (see Fig. 3). The peaks were accepted as above.
To determine whether these frequencies were correlated, we paired the
frequencies both across the hemispheres and across the conditions within
one hemisphere. When more than one maximum was found within the
response, the closest frequencies were paired, and nonpaired frequencies
were omitted. To estimate the frequency-difference distribution, the
distances of all frequency pairs from the diagonal were pooled into
histograms. The confidence limits were estimated by shuffling the fre-
quencies across the subjects, selecting the frequency pairs as above, and
computing the histogram mean and SD for 1000 randomizations. The
original and shuffled histograms were also compared with the � 2

goodness-of-fit test after appropriate rebinning.
The amplitudes and peak latencies of the low-frequency (0.1–20 Hz)

evoked responses were estimated by conventional time-domain peak-by-
peak analysis from the signal obtained by averaging the absolute values
of the filtered (0.1–20 Hz) signals over the channels used for the analysis
of the gamma-band responses.

RESULTS
The largest magnetic gamma responses to speech and non-speech
sounds were always found in the channels over the temporal
cortices, suggesting that they were generated within or in the
vicinity of the auditory cortex (Pantev et al., 1991; Pantev and
Elbert, 1994). We averaged time-frequency representations
(TFRs) of the evoked responses in the 10 channels over each
hemisphere with the largest gamma-band signal-to-noise ratios.
The averaged TFRs revealed that the evoked responses had a
large oscillatory component in the low-gamma band (20–45 Hz),
and another in the high-gamma band (45–75 Hz) (Fig. 1). The
high-gamma component was prevalent in the responses to the
speech sound, particularly in the right hemisphere, but was also
present in the responses to the non-speech sound (see also Fig.
3A,B).

The intersubject variability in the number of oscillatory com-
ponents and in the oscillation frequencies was considerable, as
evidenced by the relatively smooth frequency distributions in the
grand-averaged TFRs (Fig. 1; see also Fig. 3), although the
oscillations in the individual subjects were concentrated on nar-
row frequency bands. Previous studies have relied on either the
TFR peak energy and latency (Tallon-Baudry et al., 1996, 1997;
Knief et al., 2000) or bandpass filtering of the data with an a priori
determined filter (Pantev et al., 1991; Bertrand and Pantev, 1994;
Pantev and Elbert, 1994; Tiitinen et al., 1994) to characterize the
evoked gamma component. We analyzed the response in a
frequency-dependent manner to account for both the possible
presence of several gamma components and for the large inter-
subject variability in the response frequencies. We found highly
significant differences in the hemispheric lateralization of the
peak latency and amplitude that were constrained onto narrow
frequency bands. The responses to the speech sound peaked
earlier in the left than right hemisphere at both low (27–42 Hz;
p � 0.001 to p � 0.01, one-way ANOVA) (Fig. 2, Materials and
Methods) and high gamma frequencies (59–68 Hz; p � 0.05). In
contrast, the responses to the non-speech sound peaked earlier in
the right than left hemisphere (24–27 Hz, 48–52 Hz; p � 0.01 to
p � 0.05). The interhemispheric latency lateralization differed
between speech and non-speech sounds at 23–31 Hz ( p � 0.0001
to p � 0.05; two-way ANOVA), at 39–41 Hz ( p � 0.05), and at
50–68 Hz ( p � 0.001 to p � 0.05). The response amplitude for
the speech sound was similar in the two hemispheres at low
gamma frequencies (�45 Hz), but higher in the right than in the
left hemisphere at high (�45 Hz) gamma frequencies (51–70 Hz;
p � 0.001 to p � 0.05; one-way ANOVA). For the non-speech
sound the response amplitude was higher in the right hemisphere
nearly throughout the gamma band (26–31, 35–58 Hz; p � 0.05).
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The interhemispheric amplitude lateralization differed between
speech and non-speech sounds at 26–37 Hz ( p � 0.001 to p �
0.05; two-way ANOVA) and at 60–65 Hz ( p � 0.05).

In contrast with the broad intersubject variability in the peak
frequencies of the responses (Fig. 3A; see also Fig. 1), the fre-
quencies were strongly correlated within individual subjects be-
tween the left and right hemispheres for both sounds ( p � 0.01;
�2 test) (Fig. 3B), and also between the sounds within each
hemisphere ( p � 0.0005; �2 test) (Fig. 3C). Throughout the
gamma band, the peak frequencies for the speech sound were
slightly but consistently higher than the corresponding peak fre-
quencies for the non-speech sound in both hemispheres (left,
2.7 � 0.9 Hz, p � 0.003; right, 1.7 � 0.9 Hz, p � 0.03; paired t test)
(Fig. 3C). We did not detect interhemispheric frequency differ-
ences either for the speech (�0.2 � 1.0 Hz; p � 0.3) or for the
non-speech sound (�0.8 � 1.7 Hz; p � 0.4).

Finally, to determine whether the stimulus dependence was
confined to the gamma frequencies, we estimated the amplitudes
and peak latencies of the early low-frequency (0.1–20 Hz) re-
sponses (Fig. 1) (Shtyrov et al., 2000a). We found no interhemi-
spheric differences in the peak latencies either for the speech
sound (mean latency, 60 � 3 msec for each hemisphere; p � 0.5,
paired t test) or for the non-speech sound (mean latencies 66 � 3
and 67 � 3 msec for the left and right hemispheres, respectively;

p � 0.5). The response amplitude was larger in the right hemi-
sphere for both the speech and non-speech sounds (25–150 msec,
p � 0.05 for the speech sound; 30–80 and 110–160 msec, p � 0.05
for the non-speech sound, one-way ANOVA). The left–right-
amplitude ratios, however, were nearly identical for the two
sounds (�300 msec; p � 0.2; one-way ANOVA).

DISCUSSION
In the present study, speech and non-speech stimuli evoked
gamma-band (20–80 Hz) responses with opposite latency later-
alization and distinct amplitude and frequency characteristics at
40–60 msec from stimulus onset. We found no stimulus depen-
dence in the latency or amplitude lateralization of the early
low-frequency (0.1–20 Hz) responses, in particular the P50m wave
peaking concurrently with the gamma response. These results
suggest that the early gamma-band components of the evoked
response are sensitive to high-level stimulus properties.

Oscillatory characteristics of evoked
gamma-band activity
The frequency-band specificity of the latency and amplitude lat-
eralization, the bimodality of the frequency distributions (Figs. 1,
3A), and the clustering of the frequency pairs (Fig. 3B) suggest
that the evoked gamma response consists of at least two oscilla-
tory components at low- and high-gamma frequencies. The dif-
ferential patterns of amplitude lateralization suggest that the
neural populations underlying the low- and high-gamma compo-
nents may also have different functional roles. Taken together,
these results imply that the evoked gamma response has charac-
teristics of an oscillatory process. However, based on a large
number of both intracranial and scalp recordings, the classical

Figure 1. Grand-average TFRs and 0.1–20 Hz waveforms of the re-
sponses to speech and non-speech sounds, averaged over 10 temporal
channels. An increase in the TF amplitude reflecting the evoked gamma
oscillation is observed at 20–120 msec from stimulus onset. The ampli-
tude is color-coded; large amplitudes are denoted with red and small with
blue. Note that the 0.1–20 Hz waveforms are an average over the absolute
values of the evoked responses.

Figure 2. Interhemispheric lateralization of response latencies and am-
plitudes for speech and non-speech sounds in the gamma-frequency band.
Thick red lines denote the peak latencies (top pair) and the amplitudes
(bottom pair) of the left hemisphere, and thin blue lines those of the right
hemisphere. The significance levels of the interhemispheric differences
are indicated with horizontal bars (light gray, p � 0.05; dark gray, p � 0.01;
black, p � 0.001).
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view has been that the evoked gamma-band activity in scalp
recordings is produced by spatial smearing of distinct auditory
middle-latency components (MLCs) occurring at intervals corre-
sponding to gamma-band rhythmicity. The MLCs are generated
by a sequential and distributed activation of different auditory
cortical areas, without stereotypical oscillations in any of these
areas (Liegeois-Chauvel et al., 1994; Yvert et al., 2001).

With recordings from the rat auditory cortex, Sukov and Barth
(1998) have shown that the neural populations activated asyn-
chronously during the MLCs of the click-evoked auditory poten-
tial seem to be the same as those generating the evoked and
spontaneous gamma oscillations. It thus appears plausible to
consider the sequential activation of the MLCs in the human
brain as a large-scale population oscillation. The oscillatory na-
ture of this sequential activation could be organized by, e.g.,
reciprocal connections within the neocortex (Sukov and Barth,
2001) as well as between neocortex and thalamus (cf. Steriade et
al., 1996).

Shared characteristics of the evoked and induced
gamma oscillations
Whether the evoked gamma oscillations act as a dynamic group-
ing mechanism for feature binding, and thus for object represen-
tation, has remained unclear. Unlike the induced, the evoked
gamma oscillations have been reported insensitive to several
physical and cognitive stimulus properties (Pantev et al., 1991;

Bertrand and Pantev, 1994; Pantev and Elbert, 1994; Tiitinen et
al., 1994; Tallon-Baudry et al., 1996, 1997; Eulitz et al., 2000;
Haenschel et al., 2000). The sensitivity of evoked gamma oscilla-
tion to high-level stimulus properties in the present data, however,
points to a similarity between the evoked and induced gamma
components (cf. Tallon-Baudry et al., 1996; Knief et al., 2000).
Supporting the concept of early dynamic grouping, Fries et al.
(2001a) recently showed that stimulus-induced synchronization in
vivo may occur in the latency range of the evoked gamma oscil-
lations. Moreover, selective attention, guiding the isolation and
representation of a target object among distractors, affects both
the evoked (Tiitinen et al., 1993; Fries et al., 2001b) and induced
gamma responses (Tallon-Baudry et al., 1997). Thus, the evoked
and induced gamma oscillations are similar in being sites for both
bottom-up integration and top-down modulation.

Putative roles of evoked gamma oscillations in
speech processing
Several recent studies support the presence of distinct speech-
specialized networks in the human brain (Binder et al., 1997;
Galuske et al., 2000). Näätänen et al. (1997) reported the exis-
tence of cortical language-specific memory traces for speech
sounds whose activation is reflected in the mismatch negativity
that occurs 100–150 msec from stimulus onset and is based on
integrated sound representations (for review, see Näätänen and
Winkler, 1999). These traces are formed within the first year of

Figure 3. Oscillation peak frequencies are correlated within subjects both between the hemispheres and between the conditions. A, The histograms of
the frequencies of TFR-maxima for the gamma-band responses to speech (top panel ) and non-speech (bottom panel ) sounds illustrate the large
intersubject variability in response frequency (red, lef t and blue, right hemisphere). B, Oscillation frequencies were paired between the left and right
hemispheres. The concentration of the pairs close to the diagonal indicates small interhemispheric variability in response frequency within subjects. The
concentration was quantified by the histograms of the frequency-pair distances from the diagonal. The confidence limits (mean and mean �2 SD) are
shown by the black and gray lines, respectively. C, Oscillation frequencies were paired between the responses to speech and non-speech sounds within
the hemispheres. Frequencies for the speech sound were significantly higher than those for the non-speech sound in both hemispheres. Histograms are
as in B.
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life (Cheour et al., 1998) and have been hypothesized to underlie
the activation of the speech-specialized network in the left hemi-
sphere. Whereas, in our data, the amplitudes of all other early
components of the evoked response were greater in the right than
in the left hemisphere for both speech and non-speech sounds, the
lack of right-hemispheric amplitude lateralization in the lower
gamma band for speech sounds may reflect the activation of the
left-hemispheric speech-specialized network (cf. Pulvermüller et
al., 1996). However, because of the complexity of the response
patterns of the evoked gamma oscillation, its specific roles in the
early language processing require further investigations.

Emergence of early and late neural representations
The present data raise the possibility that templates of feedfor-
ward connections (cf. Singer, 1995; Tsodyks et al., 1999) might
contribute to feature binding during the evoked gamma oscilla-
tion for frequently and naturally occurring feature constellations
and objects belonging to cognitive categories learned during early
development (Singer, 1995; Cheour et al., 1998). In our frame-
work, an early neural representation would be distributed over
the two to four evoked gamma cycles nested in the underlying
low-frequency oscillation and integrated over time, in accordance
with the concept of the sequential activation of cortical areas. We
propose that stimulus representations are elaborated iteratively so
that the neural activity following stimulus presentation is parsed
into alternating representational and non-representational stages,
reflected in alternating large-scale bursts of gamma oscillations
(either evoked or induced) and low-frequency components.
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