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Abstract

Laterality in the perception of non-stationary aspects of musical timbre was investigated in 54 right-handed non-musicians.
Timbre di�erences were produced by altering the amplitude envelope of a steady-state complex tone. Two single-choice tests

with attention directed to one ear were usedÐa dichotic test and a monaural test with contralateral white noise. Dependent
variables were reaction time and accuracy. Both tests showed a signi®cant left ear advantage for reaction time. For the accuracy
variable, a signi®cant left ear advantage was found only in the monaural test. Results are brie¯y discussed in terms of their

compatibility with the generally accepted notion that spectral and temporal integrations of sounds are primarily functions of the
right and left hemisphere, respectively. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

While pitch and loudness of sounds have relatively
well-understood relations to their underlying physical
correlates, the psychoacoustical substrate of timbreÐ
broadly de®ned as ``that attribute of auditory sen-
sation in terms of which a listener can judge that two

sounds similarly presented and having the same loud-
ness and pitch are dissimilar'' (de®nition of the
American Standards Association, cited in [18], p.
246)Ðis far more complex.

Since the 1860s, when Von Helmholtz carried out
various experiments showing the dependence of timbre
on the amplitude pattern of the harmonic spectrum
[37], it has generally been recognised that musical tim-
bre is associated with the spectral composition of tones
(see [22] for a review). However, a de®nition of timbre

solely in terms of spectral composition is strictly
appropriate only with reference to steady state sounds
since it leaves out those aspects of timbre perception
that depend on temporal parameters such as the

characteristics of the attack and the rapid ¯uctuations

of the amplitude or even of the spectral composition

of the sound [2,3,8,24,31,38]. Reference to these par-

ameters, for instance, explains why it is generally easy

to recognise a certain musical timbre even through the

distorted spectral output of a transistor radio or why

it is di�cult to recognise the timbre of a piano if it is

reproduced backwards even though the original and

the reverse sound have the same harmonic composition

[3].

Investigations of lateral ear asymmetries for timbre

perception using dichotic stimulation procedures have

shown that a left ear advantage, indicative of a right

hemisphere advantage, can be demonstrated for tasks

involving `natural' musical sounds, that is, sounds

(generated by di�erent musical instruments) that vary

both in harmonic composition and in the temporal fea-

tures of the amplitude envelope. This is in line with

the general notion of right hemisphere dominance in

the perception of musical sounds [1,17,34,39,41]. This

left ear advantage, however, lacks robustness, as the

following brief summary of the literature will show.

Kallman and Corballis [13], by using a dichotic moni-

toring procedure and reaction time as a dependent

variable, found a left ear advantage that disappeared,
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however, after the ®rst block of 36 trials. In a later
study devoted to expectancy e�ects in the determi-
nation of ear asymmetries, Kallman [12] found the
expected right ear advantage for verbal stimuli, but
was not able to con®rm the previously found left ear
advantage for timbre perception. Using a dichotic
monitoring procedure, Prior and Troup [20] found fas-
ter response times for the left ear, but no asymmetry
in accuracy for the perception of rhythm. No asymme-
try for either response time or accuracy was found for
the perception of timbre. More recently, by using a
dichotic monitoring procedure and the number of cor-
rect responses as the dependent variable, Boucher and
Bryden [4] found a left ear advantage for melodies but
no advantage for timbre perception. Of relevance in
this context is also a study by Rastatter and Gallaher
[21], who found a left ear advantage for reaction time
in a test requiring participants to judge whether two
monaural tones of the same pitch presented in succes-
sion were played by the same or di�erent instruments.
The opinion of the present authors is that the inconsis-
tency of results may, at least in part, be accounted for
by the following two considerations.

Firstly, by using sounds produced by natural musi-
cal instruments, the aforementioned investigations
allowed the laterality e�ect to be masked by an advan-
tage in the opposite direction, possibly introduced as a
result of verbal labelling of the stimuli. Indirect evi-
dence for this e�ect comes from Tramo and Gazzaniga
[35], whose study of split-brain patients found a left
hemisphere advantage for the identi®cation of com-
mon musical instruments. Secondly, the investigations
failed to distinguish between the stationary and tem-
poral aspects of timbre perception and it could be
argued that reliance on temporal vs stationary cues
may diminish or even reverse the laterality e�ects,
since it is generally accepted that the left hemisphere is
better at discriminating ®ne temporal events (see [19]
for a review).

One way to further clarify the conditions that a�ect
perceptual laterality for timbre perception could be to
use synthetic sounds, which are less likely to be linked
to speci®c labels, and to separately investigate the
e�ects of the frequency composition of the sounds and
those of its temporal features. In a previous study, one
of the present authors [29] used arti®cial steady-state
sounds of constant pitch that varied only in harmonic
composition and found a clear-cut left ear advantage
for the perception of timbre. This result was in accord-
ance with Milner [17], who investigated the e�ect of
temporal lobe removal in a timbre discrimination task
based on spectral cues, and with Tramo and
Gazzaniga [35], who showed that the right hemisphere
of commissurotomised patients was superior to the left
on the same type of task.

As a continuation, this study aims to assess whether

a left ear advantage (indicative of right hemisphere
dominance) can still be found when the task requires
timbre discriminations based on temporal rather than
spectral cues. To this end, we used timbral di�erences
conveyed by rapid amplitude changes of tones of iden-
tical pitch and harmonic composition, and two lateral-
ity testsÐa traditional dichotic test and a monaural
test with contralateral white noise. The rationale for
using two tests instead of one was simply to have a
better chance of detecting a laterality e�ect if there
was one. The monaural test was chosen because it was
felt that, since our stimuli were likely to sound rather
unnatural to most subjects, the task of disentangling
regular dichotic pairs could be perceived as discoura-
ging or disorienting and could prove to be too di�cult,
thus limiting the measuring power of the test. The
choice of a monaural test as a measure of laterality is
based on an extensive review of the literature on mon-
aural studies by Bradshaw and Nettelton [5], which
shows that hemispheric asymmetries can also be
detected using monaural stimulations. According to
this review, the traditional dichotic procedure is not
necessary for the detection of hemispheric asymmetries
and the concept of an ipsilateral occlusion mechanism
produced by the dichotic competition of stimuli, as
posited by Kimura [15], is not required to explain the
genesis of ear advantages.

2. Methods

2.1. Subjects

Fifty-four subjects (38 females and 16 males) aged
between 20 and 58 years (mean age=26.04,
s.d.=8.44), volunteered to take part in the experiment.
They all declared they were right-handed and this was
borne out by a hand preference questionnaire [25]
(mean=69.3, s.d.=35.1). None of them complained of
any auditory impairment (no audiometric test was
done). All were non-musicians.

2.2. Stimuli

The stimuli were synthesised on a PC Pentium 133
with audiocard Sound Blaster AWE 32 using the
CSound language [36] for sound synthesis. The follow-
ing procedure was used in order to obtain three sounds
with identical frequency composition and di�erent
amplitude envelopes. First, three complex tones with
an identical frequency spectrum, pitch and intensity
were generated on the basis of the ®rst eight harmonics
of 500 Hz. Then, their amplitude envelopes were di�er-
ently modulated keeping total and peak amplitude
identical between the tones. Power spectra and ampli-
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tude envelopes of the stimuli are shown in Figs. 1 and
2.

Sampling rate was 22.05 kHz and amplitude resol-
ution 16 bit. To ensure that no transients or undesired
alterations were present in the stimuli, they were
recorded using headphones and re-analysed visually.

2.3. The tests

Subjects were presented with two testsÐa dichotic
one and a monaural one with contralateral white
noiseÐboth involving single choice and attention di-
rected to one ear. This format was chosen because pre-
vious studies with musical material had shown that it
allowed the detection of a consistent and reliable later-
ality e�ect even in musically uneducated subjects
[28,29,30].

2.3.1. The dichotic test
This was composed of 96 items with a 2 s inter-item

interval. Each item consisted of the following
sequence: one monaural tone (500 ms) followed by a
pause (1 s), followed by a dichotic pair of completely
aligned tones (500 ms). Half of the pairs had one
sound which matched the probe, while the other half
had no sounds which matched the probe. In case of
matching, the matching tone was presented to the ear
that had just received the probe.

2.3.2. The monaural test
This was also composed of 96 items with a 2 s inter-

item interval. Each item consisted of the following
sequence: one monaural tone (500 ms) followed by a

pause (1 s), followed by a pair consisting of one mon-
aural tone and a contralateral burst of white noise
(500 ms) beginning 50 ms before the contralateral tone
and ending 50 ms after it, so that the tone was deliv-
ered when the noise was in its steady state.

Half of the pairs matched the probe. The amplitude
shifts of the tones in this test, as compared to the
dichotic test, were reduced in order to have a compar-
able degree of di�culty since preliminary trials had
shown the contralateral white noise to have a lower
masking e�ect with respect to contralateral tones (see
Fig. 2).

In both tests the 96 items were grouped into 16
blocks of six items each. The side of presentation of
the probe stimuli changed with every block. The
blocks were separated by a 4 s interval. Each block
was preceded by a beep (200 ms) which was presented
monaurally to the ear that was to receive the sub-
sequent probe stimulus of that block. Subjects were
instructed to direct their attention, during the sub-
sequent block, to the ear receiving the monaural beep
and were informed that no intrusions were to be
expected in the unattended ear.

2.4. Procedure

The dichotic and monaural tests were administered
separately in two sessions. The order of test adminis-
tration was counterbalanced across subjects and the
second session took place within two weeks of the
®rst. The experiment was completely automated by
means of a Quick-Basic program. The procedure was
identical for both tests. Subjects wore a pair of head-

Fig. 1. Frequency spectrum of the stimuli of both tests.
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phones (AKG K141 Monitor, impedance 600 ohms)
and were comfortably seated at a table in front of a
computer monitor (approximately 70 cm from the sub-
ject's head) with both their hands lying on the key-
board. They were instructed to look at a green circle
in the centre of the screen in front of them and not to
shift their gaze laterally if possible during the exper-
iment. In a ®rst familiarisation phase, subjects were
invited to listen to the sounds that were to be used in
the subsequent test until they felt familiar with them.
In the experimental phase subjects were presented with

the test twice, the second time with the headphones
rotated between the ears. The initial orientation of the
headphones was counterbalanced across subjects. The
level of the sounds was identical in both earphones, 78
dBA intensity as measured by a phonometer. Subjects
had to judge whether the pair of sounds they had just
heard contained the probe, by pressing one of two
keys on the keyboard as fast as possible. They were
told to press the `v' key (in case of a match) with their
left hand fore®nger or the `n' key (in case of a mis-
match) with their right hand fore®nger. The associ-

Fig. 2. Amplitude envelopes of the stimuli. Duration: 500 msec; peak amplitude: 78 dBA.
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ation between hand (left hand vs right hand) and type
of response (yes vs no) was not counterbalanced. Type
and latency of response were automatically stored for
later analysis. Each experimental session lasted ap-
proximately 30 min.

3. Results

The dependent variables were reaction time and
number of errors. Reaction time was measured as the
median latency of correct responses (in ms). The group
mean values for both variables are depicted graphically
as a function of ear of presentation in Fig. 3.

In order to obtain normality and homogeneity of
distributions of reaction time data, as they tended to
be positively skewed, a logarithmic transformation was
performed as suggested by the method described by
Kirk ([16], p. 66±67). The same method suggested
using untransformed scores for the number of errors.

Preliminary analyses of variance indicated that ear-
phone position, the order of test administration
(whether subjects ®rst received the dichotic or the
monaural test) and the sex of the subjects, did not in-
¯uence the dependent variables as they showed no
main or interaction e�ects. These variables were there-
fore not included in subsequent analyses.

A 2 � 2 repeated measure ANOVA with ear of
input and type of test as independent variables was
carried out for both dependent variables

As regards the reaction time variable, the ANOVA
showed a signi®cant main e�ect for the type of test
(F1,53=44.14; P < 0.001), due to a shorter reaction
time in the monaural test, a signi®cant main e�ect for
ear of input (F1,53=11.49; P = 0.001), due to a left ear
advantage, and no interaction of ear by test
(F1,53=1.06; P = 0.308). According to Cohen's classi®-
cation system ([9], p. 48±49), the e�ect size of the ear
factor was between small and medium for the dichotic
test (d = 0.37) and just above medium for the mon-
aural test (d = 0.52).

For the number of errors, the ANOVA showed a
signi®cant main e�ect for the type of test (F1,53=9.24;
P=0.004), due to a smaller number of errors in the
monaural test, no main e�ect for ear (F1,53=1.00;
P=0.321) and a signi®cant interaction of type of test
by ear (F1,53=9.71; P=0.003). A subsequent analysis
of the simple main e�ects showed that there was a sig-
ni®cant left ear advantage for the monaural test
(F1,53=7.31; P=0.009) but not for the dichotic test
(F1,53=0.74; p=0.394). Cohen's d for the ear e�ect in
the monaural test was just above medium (d = 0.54).

4. Discussion

Our results show that both a dichotic test and a
monaural test requiring sound discrimination on the
basis of timbral cues conveyed by rapid amplitude
changes can produce a left ear advantage. This left ear
advantage was consistent across reaction time and ac-
curacy when contralateral white noise, rather than
regular dichotic pairs, was used. With regular dichotic
pairs, a signi®cant ear advantage was obtained only
with reaction time and it was of a smaller size. This
result is similar to the one obtained by Kallman and
Corballis [13], who found a laterality e�ect when reac-
tion time, but not accuracy, was the dependent vari-
able. This discrepancy between the two tests may
perhaps be accounted for by their di�erent levels of
di�culty, since our monaural task was characterised
by shorter reaction times and a higher accuracy. This
interpretation, however, does not explain why the
degree of di�culty a�ected the ear advantage of our
subjects only as regards accuracy and not reaction
time.

On the whole, our main ®nding of a left ear advan-
tage for timbral qualities conveyed by temporal cues is
in accordance with a report by Samson and Zatorre
[28] on the e�ect of cerebral lesions on the ability to
discriminate timbres di�ering in temporal components.
These authors used two timbre discrimination tasks,

Fig. 3. Mean values of (median) reaction time and percent errors as a function of ear of presentation for the dichotic and monaural test.
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one based on spectral cues (variation in the number of
harmonics) and one on temporal cues (variation in the
duration of the attack). Contrary to their own expec-
tations, they found that right temporal patients per-
formed signi®cantly worse than left temporal and
control patients, not only when the task was based on
spectral cues, but also when the task was based on
temporal cues. Our results seem to further support
their conclusion that in both cases the features of
sound, which are important for timbre discrimination,
are mainly processed in the right temporal lobe of the
human brain.

At ®rst sight, this ®nding would seem to contradict
the generally accepted dichotomy according to which,
whilst the harmonic integration of sounds is primarily
a function of the right hemisphere [7,23,26,29,35,40],
the temporal integration of auditory events mainly
involves left hemispheric structures [6,10,11,14,32,33].

It should be considered, however, that temporal and
spectral cues of timbre perception interact at a physical
level. Changes of the amplitude envelope of an other-
wise constant sound tend to introduce inharmonic
components generally con®ned to the lower frequency
regions. It may be hypothesised that these components,
although of low amplitude, play a decisive role in the
perception of the temporal aspects of timbre and that
rapid changes of the temporal amplitude envelope of
sound that are relevant for timbre perception are in
fact processed in the frequency, rather than time,
domain. Should this be the case, an advantage of the
left ear would be expected, even maintaining the
dichotomy frequency domain-right hemisphere vs time
domain-left hemisphere.

Along similar lines, it might be argued that left ear
advantage occured in our subjects on the basis of an
analysis, in the frequency domain, of the (inharmonic)
spectral cues that were surreptitiously introduced by
varying the amplitude envelope of the steady state sig-
nals, even though a simultaneous analysis of the ampli-
tude variations in the time domain tended to produce
a laterality e�ect in the opposite direction or no later-
ality e�ect at all. In other words, it may be argued
that the ear advantage shown by our subjects was the
net e�ect of two factors operating in opposite direc-
tions and leading cumulatively to a moderate left ear
advantage. However, to say something de®nite on the
contribution of non-stationary cues to cerebral asym-
metries in timbre discrimination, what is ideally needed
is a single experiment requiring subjects to make two
types of timbre discriminations, one based on station-
ary tones and one on non-stationary ones, with both
tasks of the same di�culty. An interaction between ear
and type of stimulus, with signi®cantly smaller or
reversed (left) ear advantage for non-stationary stimuli,
would then indicate that there is a dissociation
between the two processing modes and the hemi-

spheres; or it would at least show that there is less
dominance of the right hemisphere in analysing com-
plex tones in the time domain than in the frequency
domain. Our hypothesisÐthat left ear advantage for
temporal cues of timbre perception is based on a fre-
quency analysis of residual spectral components intro-
duced by amplitude variationsÐmight gain further
support if future investigations can demonstrate that
left ear advantage for non-stationary tones occurs only
when amplitude variations are so rapid that they are
perceived holistically, as timbral qualities, and also
that left ear advantage reverses (or disappears) when
amplitude variations are perceived as changes of loud-
ness in time.
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