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A b s t r a c t  This study was triggered by the experimental 
evidence that subjects required to tap in synchrony with 
a heard rhythm spontaneously time their tapping to vari- 
ations in rhythm frequency even when these variations 
are so small that they are not consciously detectable. We 
performed a series of magnetoencephalographic (MEG) 
measurements, aimed at investigating whether the re- 
sponse of the auditory cortex discriminates randomly ad- 
ministered series of brief tones differing from each other 
only by their interstimulus intervals (ISI). Moreover, by 
combining psychophysical measurements, conscious and 
preconscious adjustments of tapping to rhythm variations 
were compared with brain cortical responses. The ISis 
were varied by 2% or 20% from a "central" value of 
500 ms. Subjects always consciously detected the 20% 
ISI changes and easily adjusted their tapping according- 
ly, whereas they never consciously detected the 2% ISI 
changes, even though they always correctly adjusted 
their tapping to them. Analysis of the auditory evoked 
fields (AEFs) showed that the intensity of the M100 
component decreased with decreasing ISI both for 20% 
and 2% variations in a statistically significant manner, 
despite the fact that the 2% variation was not conscious- 
ly perceived. The M100 behavior indicated that connec- 
tions between auditory and motor cortexes may exist that 
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are able to use the information on rhythm variations in 
the stimuli even when these are not consciously identi- 
fied by the subject. The ability of the auditory cortex to 
discriminate different time characteristics of the incom- 
ing rhythmic stimuli is discussed in this paper in relation 
to the theories regarding the physiology of time percep- 
tion and discrimination. 

Key words Rhythm perception • Auditory evoked fields • 
Auditory-motor synchronization • Human 

Introduction 

Good timing is always needed for the execution of 
skilled movements and many experiments have been de- 
voted to studying the cerebral processes related to time- 
keeping: auditory pattern recognition (Fitzgibbons et al. 
1974; Povel and Essen 1985; Ross and Houtsma 1994), 
rhythmic perception (Monahan and Hirsh 1990; Dawe et 
al. 1995), and time perception as connected to timing 
ability in sensorimotor synchronization tasks (Kagerer 
et al. 1990; Collyer et al. 1992; Franek et al. 1994; Vos 
et al. 1995; Thaut et al. 1998) are some of the more in- 
vestigated issues. Nevertheless, all these studies have 
used behavioral responses as observable parameters 
characterizing the human ability to process and discrimi- 
nate rhythmic patterns. Since results based exclusively 
on behavioral performances are often conflicting, due to 
the high variability of many psychophysical measure- 
ments, and do not discriminate between subcortical and 
cortical mechanisms, a direct analysis of functional brain 
activation related to auditory-motor synchronization with 
elevated time discrimination and high sensitivity to corti- 
cal activation is of major importance (Miller et al. 1994; 
Treisman et al. 1994; Rao et al. 1997; Mayville et al. 
1999). 

In the present study we used magnetoencephalogra- 
phy (MEG) to investigate the response of the human au- 
ditory cortex to incoming rhythmic stimuli. The study 
was triggered by previous experimental evidence demon- 
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strating that subjects required to tap their fingers in syn- 
chrony with a rhythmic metronome sequence spontane- 
ously adjust their tapping to perturbations of the rhythm 
frequency even when these perturbations are so small as 
to be undetectable consciously (Thaut et al. 1998). 

MEG is a noninvasive technique capable of spatially 
localizing the firing of small cortical and subcortical 
neuronal areas both when this firing is spontaneous and 
when it is evoked by externally delivered stimuli. MEG 
has been used in the past largely to study the response of 
the auditory system to tone bursts (Hari et al. 1980, 
1987) or to temporally modulated stimulation (Romani 
et 1982; Makela et al. 1987), and more recently its spa- 
tial identification of activation areas has been precisely 
related to anatomical structures through the use of MRI 
(Pantev et al. 1990; Papanicolau and Banmann 1990). 
Mismatch fields (MMF) have been detected following 
variant (Sams et al. 1991), omitted (Joutsiniemi and Hari 
1989), or changing interstimulus interval (ISI) in audi- 
tory stimuli (Hari et al. 1989; Levanen et al. 1996), 
showing a link between the auditory system and time 
perception. In contrast, only a few studies have been de- 
voted to brain processing of repetitive auditory stimuli 
characterized by rhythm variations. Lu et al. (1992a) 
have demonstrated that the M100 intensity changes as a 
function of ISI and that this dependence is exponential. 
Pantev et al. (1993) have investigated auditory fields 
evoked (AEFs) by brief tone pips at different stimulus 
rates (0.125-39 Hz). To our knowledge, the linkage, if 
any, between cortical auditory responsiveness as reflect- 
ed by M100 intensity and conscious and preconscious 
perceptions of ISI changes has never been investigated. 

Our study was aimed at characterizing the response of 
the auditory cortex to a randomly administered series of 
rhythmic auditory stimuli differing from each other by 
small variations in ISI, in order to investigate whether 
brain responses possibly involved in the sensory stimulus 
processing are specifically linked to conscious or precon- 
scious motor synchronization to the dispatched rhythm. 

Subjects and methods 

The study was approved by the local ethics committee. 
Ten healthy volunteers (35-45 years old; seven men, 
three women, all fight-handed) were enrolled after in- 
formed consent was obtained. 

measurements, the stimulus ISI varied from block to 
block by 2% of a "central" frequency, chosen to be 2 Hz 
in order to reproduce the stimulus frequency range used 
by Thaut et al. (1998) in their original study: in other 
words, successive blocks had ISis of 500 ms, 510 ms, 
500 ms, 490 ms, 500 ms, and 510 ms. In a separate set of 
measurements, this variation was increased to 20%; i.e., 
successive blocks had ISis of 500 ms, 600 ms, 500 ms, 
400 ms, 500 ms, and 600 ms (Fig. 1). In neither case 
were subjects to perform any movement during the stim- 
ulation, but, in order to maintain attention, they were 
asked to mentally count how many times the ISI changes 
occurred. Prior to the MEG recordings, within the same 
session, the subjects' ability to adjust their tapping to ISI 
variations was checked by recording the timing of the 
subject's motor responses by means of a piezoelectric 
device. 

Recording procedure 

The spatial distribution of the brain's magnetic field 
over the scalp was measured with a 28-channel system 
(Tecchio et al. 1997) featuring 16 first-order axial gradi- 
ometers (1.8 cm coil diameter and 8 cm baseline), nine 
magnetometers (pickup area 81 mm2), and three balanc- 
ing magnetometers for noise cancellation coupled to 
low-noise, d.c. SQUIDs, with an overall sensitivity of 
about 5-7 tT/Hz °-s. The 25 active sensors were uniform- 
ly distributed (about 2.5 cm apart one from each other) 
over a spherical surface covering an area of about 
180 cm 2. All measurements were performed inside a 
magnetically shielded room (Vacuumschmelze). 

The array of sensors was positioned over the fight 
midtemporal lobe, centered 1.5 cm above the T4 position 
of the 10-20 International EEG System, and recorded the 
AEFs contralateral to the stimulated ear. The right hemi- 
sphere was chosen according to the known prevalent 
brain laterality of this side of the brain in controlling tap- 
ping rhythmicity (Fries 1990) and in processing music in 
nonmusicians (Berman 1981). The exact position of the 
array with respect to the subject's head was determined 
by using five current-fed coils (Ernb et al. 1987) attached 
to anatomical landmarks of the head (nasion, the two 
preauricular points, vertex and inion), whose three- 
dimensional (3D) positions were digitized (Polhemus 
Isotrack) prior to the recording session. The entire re- 
cording procedure lasted about 90 rain. 

Stimuli 

Stimuli consisted of sequences of acoustic bursts (30 ms 
long, 2000 Hz frequency, 2 rise-time cycles, intensity of 
70 dB sound pressure level above subjective threshold) 
delivered in blocks, each characterized by a different ISI 
and a random duration between 15 and 25 s. They were 
produced by a computer-driven Grass tone control mod- 
ule and transduced into a nonmagnetic, echo-free plastic 
tube that terminated in the subject's left ear. In one set of 

Data analysis 

About 500 artifact-free trials were acquired to obtain 
each evoked response (1 kHz sampling frequency, 
0.48-250 Hz bandwidth). Data recorded in each block of 
constant ISI were averaged and expressed relative to a 
baseline represented by the data mean during the time in- 
terval between two successive stimuli. Only 50% of the 
trials relative to the "central" ISI stimulations were se- 
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Fig. 1 Scheme of the stimula- 
tion procedure, showing, on the 
right, auditory evoked fields 
(AEFs) corresponding to the 
three interstimulus interval 
(ISI) values (20% variations 
shown in this example) coming 
from different blocks within the 
same continuing stimulation 
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lected in order to obtain means with the same number of 
traces for each ISI. 

Two components of the AEFs were studied in particu- 
lar: one elicited at about 40 ms after stimulus onset (mid- 
dle-latency AEF, latency 10-50 ms; Pellizzone et al. 
1987; M40), the second elicited at about 100 ms (slow 
AEF, latency 40-250; Reite et al. 1978; Hari et al. 1980; 
M100). The amplitudes of these components are known 
to be related to ISI changes: Hari and colleagues (Hari 
et al. 1982) showed that M100 intensity increases with 
increasing ISis between 1 and 16 s. Pantev et al. (1993) 
showed that both M40 and M100 intensities decrease 
with decreasing ISis when the latter are in the range 
8-1 s and that the MI00 even disappears when the ISI is 
as short as 0.1 s: at these ISI values a "steady state" is 
reached in which individual components are melted to- 
gether and the brain shows a sinusoidal response, oscil- 
lating at the stimulating frequency. Lu et al. (1992a) 
have demonstrated that the M 100 amplitude exponential- 
ly saturates with progressively longer ISI, giving an indi- 
cation of the duration of time over which an event re- 
mains available for processing by the working memory; 
in particular they demonstrated that the lifetime of the 
neuronal activation trace in primary auditory cortex pre- 
dicts the psychophysical duration of the memory of the 
loudness of a tone (Lu et al. 1992b). 

In the present study, the amplitudes of the M40 and 
M 100 components were evaluated as functions of all the 
ISis used and compared with the subjects' ability to con- 
sciously discriminate rhythm changes. The signal ampli- 
tude was defined as the difference between maximum 
and minimum peaks in those channels that detected the 
strongest signal. Means of 15 ms around the maximum 
or minimum power values were taken into account. 

A model based on a single equivalent current dipole 
(ECD) inside a homogeneously conducting sphere 
(Elberling et al. 1982; Gallen et al. 1992; Pantev et al. 
1993) was used to localize the generator of the M100 
component. The brain magnetic field distributions re- 
corded within a 16-ms-wide time interval centered at the 
time that showed maximum total power was used for 
each component to calculate the ECD position and 
strength. Our model was chosen according to previous 
studies (Sams et al. 1993) showing that the magnetic re- 
sponse in the contralateral hemisphere could be account- 
ed for by a single dipole when ISI is shorter than 1 s. Lo- 
calization results were accepted only if their explained 
variance was above 90%. The ECD position was ex- 
pressed in the individual Cartesian coordinate system, 
defined as follows: the x-axis passing through right and 
left preauricular points, outgoing rightward; the positive 
y-axis through the nasion; and the z-axis perpendicular to 
the point of bisection between the x- and y-axes. 

(_+20%, +2%) and ISI (short, baseline, long) as "within- 
subjects" factors was performed. After assessing in this 
way the significance of both the main and the interaction 
effects, a separate ANOVA was run for each protocol. 
We described the ISI effects by "repeated contrasts" (i.e., 
baseline vs short, long vs baseline). No correction to 
s-inflation was applied, since comparisons were pre- 
planned and only orthogonal contrasts were chosen. Be- 
fore performing ANOVA, we applied a logarithmic 
transformation to the original data in order to achieve a 
better Gaussian fit and to limit heteroschedasticity. The 
significance threshold was set at 0.05. A Greenhouse- 
Geisser correction was applied to the degrees of freedom 
when appropriate. 

Results 

Subjective perception 

All subjects counted the ISI changes correctly when their 
variation was 20% of the central frequency, whereas in 
no case were they able to identify the 2% ISI changes. 
Despite this, all subjects were able to adjust quickly 
(within 1-2 motor responses) to the new ISI, both of 
20% and 2%, with an appropriate interresponse interval 
(IRI, Fig. 2). Our results therefore agree with previous 
studies suggesting conscious and preconscious tuning to 
rhythm changes in the above conditions (Thaut et al. 
1998). 

AEF morphology 

In agreement with others, auditory cortical responses in 
our ten subjects showed a high intersubject variability, in 
both AEF morphology and M100 dependence on ISI. 
Figure 3a,b represents two subjects for whom the shape 
of morphological responses are very different (Lu et al. 
1992b). 

Table 1 Summary of statistical analysis for both original and log- 
transformed data 

Protocol IT log(IT) P-value 

Mean SD Mean SD 

20% ISI400 138.1 56.9 4.85 0.43 
0.005 

ISI500 169.4 70.6 5.05 0.42 
<0.001 

ISI600 211.7 76.1 5.29 0.37 

Statistical analysis 

In order to analyze all sources of variance, an initial two- 
way ANOVA for repeated measures with PROTOCOL 

2% ISI490 153.4 72.4 4.94 0.44 
0.006 

ISI500 174.0 76.1 5.07 0.44 
0.032 

ISI510 191.8 92.6 5.16 0.46 
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Fig. 2 Intermotor response intervals (IRI) related to changes to- 
ward larger (i.e., from 490 to 500 ms and from 500 to 510) or 
briefer ISI (i.e., from 510 to 500 ms and from 500 to 490). Fifteen 
taps before and 15 after the change are shown. The values are the 
means of around 50 ISI variations, grand-averaged across two sub- 
jects. Notice that within 1-2 taps following the ISI variation, the 
interval between two motor responses is adjusted to the new ISI 

M 100 component 

M100 wave amplitude significantly increased with in- 
creasing ISI duration. This was present for both 20% and 
2% variation, despite that the former was always correct- 
ly identified, whereas the latter was never detected 
(Fig. 4). 

Statistical analysis 

Table 1 summarizes the results of our analysis, showing 
the means and standard deviations of both the original 
and the log-transformed measures. The initial two-way 
ANOVA indicated no difference between the two proto- 
cols as main effect (F=0.8, df=l,9; P=0.782), but a 
strongly significant effect of the ISI variations (F=72.3, 
df=-2,18; P<0.001). Since also the interaction term (Pro- 
tocol × ISI) was statistically significant (F=5.3, df=2,18; 
P=0.015), the ISI effect was not homogeneous across the 
two protocols. Focusing on the 20% protocol, the signifi- 
cance of ANOVA (F=41.7, df=2,18; P<0.001) stems 

from the differences both between 500 ms and 400 ms 
(P=0.005) and between 600 ms and 500 ms (P<0.001). 
Also in the 2% protocol, ANOVA was significant 
(F=14.6, df=2,1; P<0.001), owing to the significant in- 
crements of AEF amplitudes both between 490 ms and 
500 ms (P=0.006) and between 500 ms and 510 ms 
(P=0.032). Therefore, a similar pattern in the two proto- 
cols was identified, and the significance of the interac- 
tion term could be attributed to the fact that the line was 
steeper when 20% ISI modulation was applied. In other 
words, a clear dependence of Ml00 amplitude on mini- 
mal ISI variations (2%) was also verified, although to a 
significantly lesser extent. 

Localization of the sources of the M100 component 
showed an explained variance greater than 90% in 43 out 
of 60 trials. In such cases it showed a complete stability 
of the M100 source position (Fig. 5) and latency with 
changing ISis. In all these cases, the source strength 
showed the regular decrease in relation to the ISI de- 
crease, explaining the M 100 intensity variation. 

M40 component 

The M40 amplitude did not show any regular relation- 
ship with the ISI, either for 20% ISI variations or for the 
2% ones. 

Discussion 

The present work reveals for the first time that the am- 
plitude of a specific component (M100) of the brain 
magnetic field evoked by rhythmic auditory stimuli in- 
creases when the time interval between stimuli gets lon- 
ger regardless of whether the subject is consciously iden- 
tifying rhythmic changes or not. In fact, this effect is ob- 
servable even when a 500-ms ISI is varied by a percent- 
age as small as 2%, at a level where the subject is still 
able to adapt and rapidly synchronize the motor output, 
but at a preconscious level. The dependence of the M100 
intensity on the ISI, known to be exponential over the 
scale of seconds (Lu et al. 1992a), is represented by a 
straight line in the brief tested interval (400-600 ms to- 
tal). Previous studies never addressed the issue of the 
M100 intensity-ISI relationship in a time frame as brief 
as the one close to the threshold between conscious and 
preconscious perception. The present findings suggest 
that rhythm discrimination is at least in part taking place 
at the auditory cortical level and that the auditory cortex 
may contribute directly to synchronize the motor output, 
in particular via common thalamic projections shared 

Fig. 3 a AEFs of subject S 1 corresponding to the five different, • 
constant ISI values. The AEFs related to the ISI of 500 ms is 
shown twice, coming from the stimulation with 2% and 20% ISI 
variations. The AEF morphology shows the prevalence of the 
M100 component, usually common for ISI longer than 1 s. b The 
same for subject $2. The M40 is much larger than the MI00 
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Fig. 4 a MI00 intensities of all 
subjects for the 20% ISI varia- 
tion. b The same for 2% ISI 
variation, e The means across 
all subjects 
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Fig. 5 Localization of the MI00 generator in one sample subject, 
showing the source in the supratemporal Heschl's gyrus (primary 
auditory cortex) 

with supplementary motor area, as observed in musicians 
tapping different rhythms (Lang et al. 1990). 

Moreover, it is suggested that the local sensory mem- 
ory, which retains processed information about an audi- 
tory sequence for about 10 s (Cowan 1984; Lu et al. 
1992a; Sams et al. 1993), is characterized by a sensitivi- 
ty of at least 2% in the 2 Hz rhythmicity. In particular, 
the M100 behavior is due to the increase in strength of a 
cortical generator stable in position and latency, indicat- 
ing that what is changing in the cerebral response is the 
number of activated neurons within a neural pool fixed 
in position. It is worth noticing that a link between the 
M100 intensity and stimulus temporal characteristics 
was also found by Imada et al. (1997), by demonstrating 
the dependence of this component on the pause duration 
immediately preceding the stimulus arrival. It is natural 
to believe that the subcortical relays preceding the pri- 
mary auditory cortex may not only contribute to generate 
the pattern of activity found at cortical levels, but also 
trigger those neuronal loops necessary for the motor per- 
formance. Indirect support for this hypothesis comes 
from Rossignol and Melvill Jones (1976), who demon- 
strated the increased excitability of motoneuronal pools 
at the spinal level induced by an auditory burst. 

The ability of the auditory cortex to process the tem- 
poral characteristics of incoming stimuli seems to sup- 
port the idea that separate neural networks are intrinsi- 
cally able to process temporal information. This would 



support one of the two main hypotheses about the physi- 
ology of time perception and discrimination. In particu- 
lar, some researchers believe that the neuronal pathway 
that connects the ear to the auditory cortex (cochlear nu- 
cleus, superior olive nucleus, inferior colliculus, and tha- 
lamic medial geniculate nucleus) is a neuronal network 
intrinsically able to process temporal characteristics 
of  auditory input (Buonomano and Merzenich 1995; 
Buonomano et al. 1997; Buonomano 2000). Others 
claim that such a network needs instead the interaction 
with the basal ganglia, which function as an "internal 
clock," working on the time scale of  milliseconds in a 
way similar to the circadian timing system, which works 
on the scale of  hours or days (Meck and Church 1987; 
Ivry and Keele 1989; Wearden and Penton-Voak 1995; 
Rao et al. 1997; West et al. 1997; Woodward et al. 1998). 

The increase in the mean M100 amplitude versus the 
ISI increase was nonlinear: this effect could indicate 
some particular role of  the 2-Hz rhythm in human per- 
ception. While studying the increase in motoneuronal 
pool excitability induced by auditory stimuli, Rossignol 
and Melvill Jones (1976) found that facilitation lasted 
about 460 ms, indicating that audiospinal potentiation is 
enabled at a rate of  about 2 Hz. This frequency has been 
indicated also as preferred hopping frequency (Melvill 
Jones and Watt 1971). On the other hand every hypothe- 
sis on the role of  the 2-Hz frequency could be under- 
stood only by measuring the M100 intensity at different 
ISis by using nonhomogeneous (large and small) varia- 
tions to check for nonlinearities as a way to detect con- 
text-dependent variations. 

We found no regular variation of the M40 component. 
In fact, no systematic behavior of  its intensity with ISI 
changes was detected in our data, although this could be 
simply due to unfavorable directions of  the dipolar 
sources located in some regions of  the temporal lobe, 
possibly including contributions from subcortical areas 
(Woods et al. 1987; Kraus et al. 1988). 

In conclusion, it is clearly shown that the auditory 
cortex discriminates rhythmic variations of incoming 
stimuli, even when the subject does not identify them 
consciously, and new light is cast on brain mechanisms 
underlying rhythmic perception. 

Acknowledgements The authors would like to thank J.W. 
Weckel for making this research possible, and Professor V. 
Pizzella and Professor G.-L. Romani for continuous and helpful 
discussions. 

References 
Berman IW (1981) Musical functioning, speech lateralization and 

the amusias. S Aft Med J 59:78-81 
Buonomano DV (2000) Decoding temporal information: a model 

based on short-term synaptic plasticity. J Neurosci 20:1129- 
1141 

Buonomano DV, Merzenich MM (1995) Temporal information 
transformed into a spatial code by a neural network with real- 
istic properties. Science 267:1028-1030 

Buonomano DV, Hickmott PW, Merzenich MM (1997) Context- 
sensitive synaptic plasticity and temporal-to-spatial transfor- 

229 

mations in hippocampal slices. Proc Natl Acad Sci USA 
94:10403-10408 

Collyer CE, Broadbent HA, Church RM (1992) Categorical time 
production: evidence for discrete timing in motor control. Per- 
cept Psychophys 51:134-144 

Cowan N (1984) On short and long auditory stores. Psychol Bull 
96:341-370 

Dawe LA, Platt JR, Racine RJ (1995) Rhythm perception and dif- 
ferences in accent weights for musicians and non-musicians. 
Percept Psychophys 57:905-914 

Elberling C, Bak C, Kofoed B, Lebech J, Saermark K (1982) Au- 
ditory magnetic fields from the human cerebral cortex: loca- 
tion and strength of an equivalent current dipole. Acta Neurol 
Scand 65:553-569 

Ern~ SN, Narici L, Pizzella V, Romani GL (1987) The position 
problem in biomagnetic measurement: a solution for arrays of 
superconducting sensors IEEE Trans Magn 23:1319-1322 

Fitzgibbons PJ, Pollatsek A, Thomas IB (1974) Detection of tem- 
poral gaps within and between perceptual tonal groups. Per- 
cept Psychophys 16:522-528 

Franek M, Mates J, Radil T, Beck K, Poppel E (1994) Sensorimo- 
tor synchronization: motor responses to pseudoregular audito- 
ry patterns. Percept Psychophys 55:204-217 

Fries W (1990) Disturbance of rhythm sense following right hemi- 
sphere damage. Neuropsychologia 28:1317-1323 

Gallen C, Pantev C, Hampson S, Buchanan DS, Sobel D (1992) 
Reliability and validity of auditory neuromagnetic source lo- 
calization using a large array biomagnetometer. In: Hoke M, 
Ern6 SN, Okada YC, Romani GL (eds) Biomagnetism: clinical 
aspects. Excerpta Medica, Amsterdam, pp 171 - 175 

Hari R, Aittoniemi K, Jarvinen ML, Katila T, Varpula T (1980) 
Auditory evoked transient and sustained magnetic fields of the 
human brain: localization of neural generators. Exp Brain Res 
40:237-240 

Hari R, Kaila K, Kaila T, Tuomitso T, Varpula T (1982) Interstim- 
ulus dependence of the auditory vertex response and its mag- 
netic counterpart: implications for their neural generation. 
Electroencephalogr Clin Neurophysiol 54:561-569 

Hari R, Pelizzone M, Makela PJ, Hallstrom J, Leinonen L, 
Lounasmaa OV (1987) Neuromagnetic responses of the hu- 
man auditory cortex to on- and offsets to noise bursts Audiol- 
ogy 26:31--43 

Hari R, Joutsiniemi SL, Hamalainen M, Vilkman V (1989) Neuro- 
magnetic responses of human auditory cortex to interruptions 
in a steady rhythm. Neurosci Lett 99:164-168 

Imada T, Watanabe M, Mashiko T, Kawakatsu M, Kotani M 
(1997) The silent period between sounds has a stronger effect 
than the interstimulus interval on auditory evoked magnetic 
fields. Electroencephalogr Clin Neurophysiol 102:37-45 

Ivry RB, Keele SW (1989) Timing functions of the cerebellum. 
J Cogn Neurosci 1:134-150 

Joutsiniemi SL, Hari R (1989) Omissions of auditory stimuli may 
activate frontal cortex. Eur J Neurosci 1:524-528 

Kagerer F, Ilmberger J, Poppel E, Mates J, Radii T (1990) Audito- 
ry motor synchronization: timing in incremental and decre- 
mental rhythmic tapping. Act Nerv Super 32:145-146 

Kraus N, Smith DI, McGee T (1988) Midline and temporal lobe 
MLRs in the guinea pig originate from different generator sys- 
tems: a conceptual framework for new and existing data. Elec- 
troencephalogr Clin Neurophysiol 70:541-558 

Lang W, Obrig H, Lindinger G, Cheyne D, Deeke L (1990) Sup- 
plementary motor area activation while tapping bimanually 
different rhythms in musicians. Exp Brain Res 79:504-514 

Levanen S, Ahonen A, Hari R, McEvoy L, Sams M (1996) Devi- 
ant auditory stimuli activate human left and right auditory cor- 
tex differently. Cereb Cortex 6:288-96 

Lu ZL, Williamson SJ, Kaufman L (1992a) Human auditory pri- 
mary and association cortex have different lifetimes for activa- 
tion traces. Brain Res 572:236-241 

Lu ZL, Williamson S J, Kaufman L (1992b) Behavioral lifetime of 
human auditory sensory memory predicted by physiological 
measures. Science 258:1668-1670 



230 

Makela JR Haft R, Linnankivi A (1987) Different analysis of fre- 
quency and amplitude modulations of a continuous tone in the 
human auditory cortex: a neuromagnetic study. Hearing Res 
27:257-264 

Mayville JM, Bressler SL, Fuchs A, Kelso JA (1999) Spatiotem- 
poral reorganization of electrical activity in the human brain 
associated with a timing transition in rhythmic auditory-motor 
coordination. Exp Brain Res 127:371-81 

Meck WH, Church RM (1987) Nutrients modify the speed of in- 
ternal clock and memory stages processes. Behav Neurosci 
101:465-475 

Melvill Jones G, Watt DGD (1971) Observations on the control of 
stepping and hopping movements in man. J Physiol (Lond) 
219:709-727 

Miller RA, Thaut MH, Aunon JI (1994) Event related brain wave 
potentials in an auditory-motor synchronization task. In: Pratt 
RR, Spintge R (eds) Music medicine. MMB Music, St Louis, 
pp 76-84 

Monahan CB, Hirsh IJ (1990) Studies in auditory timing. 2. 
Rhythm patterns. Percept Psychophys 47:227-242 

Pantev C, Hoke M, Luntkenhoner B, Fahrendorf G, Stober U 
(1990) Identification of sources of brain neuronal activity with 
high spatiotemporal resolution through combination of neuro- 
magnetic source localization (NMSL) and magnetic resonance 
imaging (MRI). Electroencephalogr Clin Neurophysiol 75:1 
73-184 

Pantev C, Elbert T, Makeig S, Hampson S, Eulitz C, Hoke M 
(1993) Relationship of transient and steady-state auditory 
evoked fields. Electroencephalogr Clin Neurophysiol 88:389- 
396 

Papanicolau AC, Banmann S (1990) Localization of auditory re- 
sponses sources using MEG and MRI. Arch Neurol 47:33 

Pellizzone M, Hari R, Makela JE Huttunen J, Ahlfors S, 
Hamalainen M (1987) Cortical origin of the middle latency 
auditory evoked responses in man. Neurosci Lett 82:303-307 

Povel DJ, Essen P (1985) Perception of temporal patterns. Music 
Percept 2:411 --440 

Rao SM, Harrington DL, Haaland KY, Bobholz JA, Cox RW, 
Binder JR (1997) Distributed neural systems underlying the 
timing of movements. J Neurosci 17:5528-5535 

Reite M, Edrich J, Zimmerman JT, Zimmerman JE (1978) Human 
magnetic auditory evoked fields. Electroencephalogr Clin 
Neurophysiol 45:114-117 

Romani GL, Williamson S J, Kaufmann L (1982) Tonotopic orga- 
nization of the human auditory cortex. Science 216:1339-1340 

Ross J, Houtsma AJM (1994) Discrimination of auditory temporal 
patterns. Percept Psychophys 56:19-26 

Rossignol S, Melvill Jones G (1976) Audio-spinal influence in 
man studied by the H-reflex and its possible role on rhythmic 
movements synchronized to sound. Electroencephalogr Clin 
Neurophysiol 41:83-92 

Sams M, Kaukoranta E, Hamalainen M, Naatanen R (1991) Corti- 
cal activity elicited by changes in auditory stimuli. Psycho- 
physiology 28:21-28 

Sams M, Hari R, Rif J, Knutila J (1993) The human auditory sen- 
sory memory trace persists about 10 s: neuromagnetic evi- 
dence. J Cogn Neurosci 5:363-370 

Tecchio F, Rossini PM, Pizzella V, Cassetta E, Romani G-L (1997) 
Spatial properties and interhemispheric differences of the sen- 
sory hand conical representation: a neuromagnetic study. 
Brain Res 767:100-108 

Thaut MH, Miller RA, Schauer ML (1998) Multiple synchroniza- 
tion strategies in rhythmic sensorimotor tasks: phase vs period 
corrections. BioI Cybern 79:241-250 

Treisman M, Cook N, Naish PLN, MacCrone JK (1994) The inter- 
nal clock: electroencephalographic evidence for oscillatory 
time perception, Q J Exp Psychol A 47:241-289 

Vos PG, Mates J, Kruysbergen NW (1995) The perceptual centre 
of a stimulus as the cue for synchronization to a metronome: 
evidence from asynchronies. Q J Exp Psychol A 48:1024- 
1040 

Wearden JH, Penton-Voak IS (1995) Feeling the heat: body tem- 
perature and the rate of subjective time, revisited. Q J Exp 
Psychol 48:129-141 

West MO, Peoples LL, Michael AJ, Chapin JK, Woodward DJ 
(1997) Low-dose amphetamine elevates movement-related fir- 
ing of rat striatal neurons. Brain Res 745:331-335 

Woods DL, Clayworth CC, Knight RT, Simpson GV, Naeser MA 
(1987) Generators of middle- and long-latency auditory 
evoked potentials: implications from studies of patients with 
bitemporal lesions. Electroencephalogr Clin Neurophysiol 
68:132-148 

Woodward DJ, Janak PH, Chang JY (1998) Ethanol action on neu- 
ral networks studied with multineuron recording in freely 
moving animals. Alcohol Clin Exp Res 22:10-22 


