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Abstract

We investigated the neuroanatomical substrate of sound duration discrimination, using the same experimental design as in a previol
study on sound intensity discrimination [J. Neurosci. 18 (16) (1998) 6388]. Seven normal subjects were trained to detect deviant sound
presented with a slightly longer duration than a 300 ms long standard harmonic sound, using a Go/No Go paradigm. Individual psychometri
curves were assessed using a three-step psychoacoustic procedure. Subjects were then scanned while passively listening to the stan
sound, and while discriminating changes in sound duration at four different performance déveld.6, 2.5, 3.5 and 4.5). Analysis of
regional cerebral blood flow (rCBF) data outlined activation, during the discrimination conditions, of a right hemispheric fronto-parietal
network very similar to the one previously observed for intensity discrimination, as well as additional activation in the right prefrontal cortex
(Brodmann Area (BA) 10), bilateral basal ganglia and cerebellar hemispheres. These findings suggest that discrimination of sound duratior
as for discrimination of sound intensity, involves two cerebral networks: a supramodal right fronto-parietal cortical network responsible
for allocation of sensory attentional resources, and a network of regions such as the basal ganglia, cerebellum, and right prefrontal corte:
more specifically involved in the temporal aspects of the discrimination task.
© 2002 Published by Elsevier Science Ltd.
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1. Introduction sory attentional resources, and of a region of secondary au-
ditory cortex presumably involved in sensory computation
In a previous report, we described the results from a study of sound intensity differenceg]. In the present study, the
that combined psychoacoustics and functional neuroimag-same design was used to focus on discrimination of sound
ing to investigate the neuroanatomical substrate of soundduration.
intensity discrimination in humang]. In that study, sub- Duration is an important attribute of sensory stimuli in
jects were trained to detect deviant sounds presented withgeneral, and of auditory stimuli in particular. Aside from
a slightly higher intensity than a standard harmonic sound, its influence on perceived sound loudness for values under
using a Go/No Go paradigm, for which individual psycho- 200 ms[36], sound duration often plays a significant eco-
metric curves were assessed. They were then scanned whiléogical role. For example, mating signals of different frog
passively listening to the standard sounds and while discrim- species can be spectrally very similar, and distinguishable
inating changes in sound intensity in a Go/No Go paradigm, only by temporal criteria such as pulse repetition rate, or in
at four different performance leveld’(= 1.5, 2.5, 3.5 and durational terms inter-pulse peri¢ti7]. In human auditory
4.5). Analysis of regional cerebral blood flow (rCBF) data communication, duration of specific parts of our complex
showed activation of a right-hemispheric fronto-parietal net- auditory signals usually carry meaningful information. Tem-
work, presumably involved in allocation of supramodal sen- poral information is especially important in speech, where it
provides phonetic and prosodic cues at the levels of the en-
* Corresponding author. Tel:1-514-343-2330; fax:+-1-514-343-5787.  Velope and of the periodicity, as well as in its fine structure
E-mail addresspascal.belin@umontreal.ca (P. Belin). [41]. Certain phonetic boundaries are defined only by the
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duration of specific portions of the vocalization: for exam- time perception task where subjects had to judge the duration
ple, the main difference between /ta/ and /da/ lies in the du- of a time interval defined by short tones, relative to a stan-
ration, in the tens of milliseconds range, of the unvoiced part dard 1200 ms interval. Two control conditions with a simi-
(voice onset time) that follows initial burst release before lar design, including a pitch judgment task, revealed activity
vowel onsef6]. On a longer time-scale, the suprasegmen- specifically related to time perception processes. Moreover,
tal, prosodic organization of speech utterances also containghe temporal resolution of fMRI allowed the authors to dis-
crucial temporal information: subtle meanings and emotions tinguish processes associated with encoding time intervals
are conveyed by minute differences in duration of pausesfrom those related to comparing interv§did].

or syllables in conversations or call82], or in duration The design of the present study was the same as for the
of notes and silences in musical interpretation. Discrimina- previous study on intensity discrimination, except that the
tion of sound duration thus plays an important ecological deviant sounds were slightlpnger than the 300 ms long
role. standard sound instead of being slightiyder. Each sub-

At the neurophysiological level, experimental data in an- ject was scanned using positron emission tomography (PET)
imals and humans suggest that temporal cognition involveswhile passively listening to the standard sounds presented at
several central nervous structures. In the cat, discriminationregular 1 s intervals, and while covertly detecting longer de-
of tone duration cannot be relearned after bilateral ablation viants (25% probability of occurrence) among the standard
of auditory cortical areas and degeneration of correspond-sounds. This Go/No Go task was performed at four levels
ing areas of the medial geniculate bodjég]. In rats con- of performance, as defined by an unbiased decision param-
ditioned to expect reinforcement at a given delay after the eter derived from signal detection theory & 1.5, 2.5, 3.5
conditioning stimulus, ablation of frontal cortex appears to and 4.5). The goal of this study was to investigate the neu-
change the reference memory for the expected time of rein-ral substrate of auditory temporal discrimination in humans,
forcement, so that they expect reinforcement later than it ac-and compare the results to those of similar studies in other
tually occurs[33]. Neurons in the frog’s auditory thalamus sensory modalities. We were also interested in how attend-
show evoked responses critically dependent on duration ofing to two different attributes of auditory stimuli (intensity
individual toneq15]. Similarly, recent electrophysiological and duration) would affect the pattern of neuronal activity,
evidence in the little brown bat indicates that most auditory measured in two groups of subjects under the same experi-
cortical neurons respond preferentially to a narrow range of mental conditions.
stimulus durations (some being tuned to a ‘best duration’),
with those neurons showing long-pass and short-pass du-
ration response functions being narrowly distributed within 2. Materials and methods
two narrow rostrocaudal slaly$0].

In humans, the different aspects of temporal cognition 2.1. Subjects
seem to be subserved by a complex network of intercon-
nected cortical and subcortical cerebral structures, includ- Seven healthy male volunteers (aged 22-33 years) gave
ing the cerebellum, basal ganglia, and several regions of thewritten informed consent. They had no history of neuro-
cortex, particularly in the parietal and frontal lobes of the logical or psychiatric disorders and had normal hearing.
right hemispherd21,18,27,12,16,26,40for a review see The study was approved by the ethics committee of the La
[28]. At the level of the auditory cortex, several studies also Salfetriere Hospital.
suggest that discrete neural populations of the supratempo-
ral plane might be responsive to changes in sound duration.2.2. Auditory stimuli
Patients with resection within the temporal lobes for relief
of intractable epilepsy were found to be impaired in the  Auditory stimuli were synthesized at a sampling rate of
subtest of the Seashore Measures of Musical Talents that44.1 kHz using the IRCAM Musical Workstation (ISPW dig-
focuses on perception of sound duration, and impairmentsital signal processing card and a NeXT computer). The stim-
were significantly stronger for patients with right temporal uli were harmonic complexes with 20 harmonics and a fun-
lobe resectiong31]. More recently, studies using electro- or damental frequency of 200 Hz. The relative amplitudes of
magneto-encephalography have found that changes in soundhe harmonics were determined by a $pectral envelope
duration elicit a mismatch negativity (MMN) generated by wheren is the harmonic rank<3 dB per octave slope in the
neuronal populations of the superior temporal plg#e11] power spectrum). Each reference stimulus had a duration of
with stronger response on the right s[dé&]. Jaramillo et al. 300 ms including 80 ms linear rise and decay ramps in the
[20] also found that the MMN was elicited by both decre- amplitude envelope. In each deviant stimulus, the rise and
ments and increments in duration, and that, for most dura- decay times remained constant and the steady-state portion
tions tested, it increased in amplitude as a function of the was increased in duration. Stimuli were presented binaurally
amount of deviation from the standard durati@®]. Re- over earphones at a level of 75dB SPL as measured with a
cently, Rao et al[40] used functional magnetic resonance Bruel and Kjaer 2209 sound level meter (a weighting, fast
imaging (fMRI) to measure brain activity during an auditory response).
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2.3. Psychoacoustic measures of incorrect responses. According to signal detection theory
[14], the discrimination rate expressed as percentage of cor-
The main task used in the imaging studies was Go/No Go: rect detection of duration change is influenced both by the
in a series of events of which the majority (75%) have the subject’s perceptual sensitivity and by his or her judgment
reference duration and the minority (25%) have a duration strategy (or response bias). Since the interest of this study
which is greater by some chosen amount; the subject mustwas to determine neural correlates of sensitivity to change
decide whether each one is the reference value (in whichin duration, the sensitivityd) was estimated from hit and
case no action is taken, No Go) or a deviant value, which false alarm rate§25]. This d value is considered to esti-
is always superior to the reference value (in which case, themate true sensitivity to duration difference with biases due
change is noted mentally in the imaging task and a button to response strategy having been factored out. This proce-
is pushed in the psychoacoustic task, Go). Ideally, it should dure was repeated for each duration difference in a random
be possible to establish performance levels for this kind of order for each subject. From thé values estimated for
task with varying duration differences. However, this task each duration difference a psychometric function was deter-
has not been studied much in human psychoacoustics, ananined from a linear regression of thodevalues onto dura-
the data cannot therefore be compared with the literature.tion differences. The highest value was at times removed
The psychoacoustic measures were thus made using a clasrom the fitting procedure if the curve clearly asymptoted at
sic same/different task with an adaptive method (Phase 1),maximum performance level.
with a method of constant stimuli (Phase 2), as well as the
Go/No Go task (Phase 3). In the same/different tasks, each2.3.3. Phase 3: psychometric functions determined with
trial was composed of two sounds presented sequentially.the Go/No Go method
Four combinations were possible: two reference (R) stimuli  On the basis of the previously determined psychomet-
(same), two test (T) stimuli (same), and one of each in the ric function, five new duration differences were chosen for

two orders (different). the Go/No Go procedure corresponding to performances in
Phase 2 equivalent @ values of 1, 2, 3, 4 and 5. Each dif-

2.3.1. Phase 1: preliminary measure of high and low ference was presented in a separate block of trials. A block

thresholds by an adaptive method lasted about 2 min as in the imaging experiment. During this

To reduce experimentation time, a first rough measure of time, 200 events were presented, of which 75% had the ref-
each subject’s sensitivity to duration change was made usingerence duration and 25% the (higher) test duration. The sub-
aN-down, 1-up adaptive procedui23] which converges on  ject listened continuously and pressed a button as soon as a
a performance level that depends NnN consecutive cor-  test event occurred. The events were presented at a rate of
rect responses result in a decrease in duration difference an@ne per second. If the subject pressed the button during the
1 incorrect response results in an increase. In our ddse, 1 s temporal window corresponding to the test signal, it was
was 3 (79.4%, low threshold, TL) and 8 (91.7%, high thresh- scored as a hit. If the button press occurred outside of this
old, TH). There were four trial types: two reference stimuli window, it was scored as a false alarm. THesalues were
(RR, same), two test stimuli (TT, same) and one of each in estimated from hits and false alarm raf2§] as in Phase 2.
the two orders (RT and TR, different). On each trial, one of The procedure was repeated for each of the five duration dif-
the four trial types was chosen randomly. The durations of ferences in a different random order for each subject. From
T stimuli at which the adaptive trajectory changes direction the d’ values for each of the five duration differences a lin-
were recorded: the last 8 of 12 were averaged to estimate TL,ear psychometric curve was determined as in Phase 2 and
and the last four of six were averaged for TH. Six estimates duration differences correspondingdovalues of 1.5, 2.5,
were obtained for each threshold. From the mean duration3.5 and 4.5 were chosen for the imaging studies for each
differences obtained at each threshold for each subject, thesubject.
values used in Phase 2 were determined. If half the dura-
tion difference between TL and TH is denotédhe tested 2.4. Functional neuroimaging
durations included Tl=-d, TL, TL +d, TH, TH+4d.

2.4.1. Scanning
2.3.2. Phase 2: psychometric functions determined with Relative rCBF was determined from the distribution
the method of constant stimuli of radioactivity after bolus intravenous injections of

For each of the five duration differences obtained in Phase H,1°0 [7], measured with a ECAT-HR- PET camera
1, a block of 200 trials was constructed. There were 50 rep- (Siemens AG, Erlangen, Germany). Subjects received 12
etitions of each trial type (RR, TT, RT or TR) in the block, H,1°0 injections (9mCi per injection) corresponding to
presented in random order. After hearing the two sounds 12 rCBF measurements, performed at 10min intervals.
the subject indicated whether the stimuli were the same or Attenuation-corrected data were reconstructed into 63
different. The hit rate was computed on “different” trials 2.25 mm thick axial slices, with a resulting resolution of
from the percentage of correct responses. The false alarmd.5 mm full-width-at-half-maximum after reconstruction
rate was computed on “same” trials from the percentage [3].
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2.4.2. Tasks B 425

Four scans were acquired during a baseline condition, E
and eight scans during detection of changes in duration per- g 4%
formed at four different levels of discriminability (two scans ® 375 Tﬂ
per level), in a counterbalanced order. The baseline condi- A& Bl
tion consisted of passively listening to standard sounds, pre- 'g 350 :gg
sented binaurally through Sony MDR-V600 headphones at & —#7
a 75dB sound pressure level, with a 1 s inter-onset interval. § 325
Subjects were informed that all sounds were identical and 3
were instructed to listen carefully to the sounds. During the ~ © W 25 35 45
duration discrimination conditions, subjects were instructed Performance Level (d' value)

to me.nta"y qeteCt So.unds of longer duration (deviants), that Fig. 1. Duration of the deviant sound discriminated from the 300 ms long
were intermingled with the standard sounds of the baseline i;qard, for each subject and each of four performance lewdls (
condition with a 25% probability of occurrence. The de-

viant sounds were identical to the standard sounds in all

respects but duration, which was slightly greater in the de- cased increased linearly with the duration of the deviant
viants. During a given duration discrimination condition, all sound. The mean deviant duration discriminated from the
deviants were identical, with a duration corresponding to a reference 300 ms duration varied from 335 ms fof af 1.5
given performance leveld( = 1.5, 2.5, 3.5 or 4.5) for the  to 394 ms for ad’ of 4.5. These values are consistent with
scanned subject. In order to avoid possible contamination ofa 30 ms discrimination threshold at 300 ms found by Abel
the activation pattern by motor-specific activity, no overt re- [1] in human listeners. As with the previous intensity dis-
sponse was required from the subjects. However, subjectiveCrimination study[2], inter-subject variability was greater
duration change discriminability, as indicated by subjects af- for higherd’ levels Fig. 1). The regression coefficients for
ter each scan, corresponded qualitatively to the individual’s the psychometric functions from which were derived the
objectived’ value, thus suggesting that they were perform- stimulus values used for the imaging study varied from 0.80
ing the discrimination task as during the psychophysical to 0.98 (mean= 0.94). The slopes for the psychometric

sessions. functions derived from the constant stimuli phase were shal-
lower than those from the Go/No Go phase indicating that
2.4.3. Analysis improvement in sensitivity was still taking place during the

Statistical parametric mapping (SPM96) software was last phase. Nonetheless, the use of psychoacoustic methods
used for image realignment, transformation into stan- such as these ensured that the PET scan measured activa-
dard stereotaxic anatomical spap&3], smoothing, and tion for four fixed levels of sensitivity in auditory discrimi-
statistical analysis at each intra-cerebral volume elementnation of duration that were similar across subjects, in spite
(2mm x 2mm x 2mm) or voxel[8,9]. State-dependent of differences in terms of the actual physical differences
differences in global flow were covaried out using pro- used.
portional scaling. Comparisons across conditions were
made using the-statistic subsequently transformed into 3.2. The rCBF variations with detection of duration
the normally distributed statistic (SPMZ)). A categori- changes
cal approach was first used to determine cerebral regions
in which rCBF changed significantly in the seven subjects When compared with the baseline, the four detection
between baseline and the pooled discrimination conditions. conditions averaged together yielded significant rCBF in-
A parametric approach was then used to determine regionscreases < 10 uncorrected,P < 0.05 corrected for
in which rCBF showed a significant linear covariation with multiple comparisons) in several regions of the deep gray
level of performanced)) during the duration discrimination  nuclei, in the cerebral cortex of the right hemisphere, and
conditions. in the cerebellum bilaterally Table 1 Fig. 2). Highest

activation was observed in an extensive part of the right
prefrontal cortex, peaking in a circumscribed region of the

3. Results inferior frontal operculum (Brodmann Area (BA) 45); it
extended anteriorly to right orbital prefrontal cortex (BA
3.1. Behavioral measures 10) and medially to subcortical structures bilaterally, with

an important maximum of activation in the right thala-
Performance in the duration discrimination task varied a mus. Intense rCBF changes were also observed in the left
great deal across subjects for all three phases. This vari-cerebellum, peaking in the superior and inferior parts of
ation resulted in widely differing physical durations for a the left cerebellar hemisphere, and these extended to the
givend’ level (Fig. 1). Fig. 1 also shows that the slopes of superior part of the right cerebellar hemisphefabie 1.
the psychometric functions were very similar, and that in all Additional rCBF increases were found in the right inferior
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Table 1
Brain activity associated with sound duration discrimination compared with the baseline
X y z Zvalue Size
rCBF increases
Right inferior frontal operculum (45) 38 18 8 6.25 11506
Right dorsomedial thalamus 6 -12 8 6.15
Right orbital prefrontal (10) 24 52 -8 5.92
Right putamen 24 6 4 5.57
Right caudate nucleus 12 12 2 5.53
Right inferior frontal gyrus (44) 32 8 26 5.17
Right posterior thalamus 6 —24 14 5.00
Right inferior frontal gyrus (44) 42 8 18 5.00
Right middle frontal gyrus (10) 36 38 14 4.98
Right middle frontal gyrus (46) 40 30 24 4.95
Right middle frontal gyrus (46/10) 32 42 6 4.86
Left lateral cerebellum (VIII A-L) —28 —60 —48 6.17 5018
Left lateral cerebellum (VI L) -30 —-62 -28 6.13
Left posterior cerebellum (VII A) -18 -82 -34 5.39
Left cerebellum, center -14 —64 —-38 5.37
Left anterior cerebellum (VI L) —-20 —48 -32 4.95
Right lateral cerebellum, lobule (VI L) 32 —58 —24 5.71 827
Right middle temporal gyrus (21) 66 -30 -2 4.93 265
Right inferior parietal lobule (40) 54 -50 50 4,78 227
rCBF decreases
Left inferior parietal lobule (39) —42 -70 24 5.81 1471
Left precuneus, superior (7) —4 —56 56 5.56 1318
Left precuneus, inferior (7) —4 —58 34 4.89

Coordinates (in standard stereotaxic spi3j) of voxels corresponding to local maxima Bfvalue, aboveZ = 4.75 (P < 10~%) within each focus of
activation; x: distance (mm) to right£) or left (—) of the mid-sagittal liney: distance anterior+) or posterior ) to the vertical plane through the

anterior commissurez: distance above+) or below () the inter-commissural (AC-PC) line. Approximate Brodmann numbers (BA) associated with

anatomical regions are given in parentheses. Cerebellar lobules, determined using the probabilistic atlas def&}ilmee igiven in parentheses. Size
refers to the number of voxels in a given cluster (voxel size: 2xxfmmx 2 mm), for SPMZ) maps thresholded & = 3.72 (P < 0.0001 uncorrected),
and then corrected for multiple non-independent comparisons at0.05.

3

Z score

Fig. 2. Regions significantly more active during discrimination of sound duration (all performance levels pooled) than during passive lidtersteniteird

sound are rendered on a cortical surface viewed from the right (center), from the bottom (lower left), and on the medial surface of a right hemisphere
(bottom right). The bar diagrams represent, for each of these regions, the mean (yellow bar) and individual (red dots) rCBF values correspending to th
baseline (left bar) and each of the four duration discrimination conditions (right #fats4.5, 3.5, 2.5 and 1.5 from left to right), in arbitrary units.
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Table 2 the right inferior parietal lobule (BA 40) at approximately
Regions of significant correlation between rCBF and performance level the same horizontal level as the FEF; and a Iarge region
as measured by’ value . .
of the left, contralateral cerebellar hemisphere. Activa-
X 'y z  Zvalue Size tion in the right inferior frontal operculum peaked in the

Negative rCBF¢ correlation present study approximately 12 mm anteriorly to the peak
Left inferior parietal lobule (39/40)—48 —66 40 3.50 55 found in the previous studyx(= 42,y = 28,z = 4);
Left temporal pole (38/20) —48 10 —38 350 127 in the right parietal lobe the peak of the present study
Left temporal pole (20) —44 -2 -36 342 was located 10 mm more lateral than the one previously
Right middle temporal gyrus (21) 58 -8 —-18 3.28 209 reported ¢ = 44,y = —48, 7 = 50), and in the left
See the legend dfable 1 SPME) maps were thresholded & = 2.33 cerebellum the peaks in these two groups of subjects were
(P < 0.001 uncorrected for multiple, non-independent correlations). as close as 8mm (previous StUd’VI: -38,y = —62
z = —26). This similarity suggests that this attentional

network might not be differently activated by the physical
parietal lobule (BA 40) and the right middle temporal gyrus attribute on which the attention focused (e.g. intensity or
(BA 21). Discrimination conditions also yielded significant  duration).
rCBF decreases when compared to the passive listening A similar conclusion was proposed by Maquet ef2F],
baseline, restricted to the posterior part of the left hemi- who used a design very similar to the present one in the
sphere, and located in inferior parietal lobule and precuneusyisual modality. In that study, subjects were scanned while

(Table . they performed a two-alternative forced choice task in which
they had to decide if the duration or intensity of a visual
3.3. rCBF: performance correlation stimulus (green LED) matched that of a standard presented

earlier[27]. When the duration judgment conditions were
A parametric approach was used to determine possiblecompared to a control condition of passive stimulation with
cerebral regions in which normalized activity was linearly the standard visual stimulus, greater activity was observed
related with equivalent performance level—as measured byin all of the above three components. Although this study
d value—during the detection of changes in sound dura- differed methodologically in several ways from the present
tion. Three regions were found to show a significaPit<£ one, it yielded activation in locations relatively close to those
0.001 uncorrected) negative correlation between rCBF and reported here for the right frontat = 34, y = 20, z = 4,
d value; in these regions, rCBF increased with task diffi- 6 mm difference), right parietak(= 44, y = —52, z = 40,
culty (Table 3. Conversely, no regions showed the opposite 14 mm difference) and left cerebellar & —16, y = —86,
pattern of a significant < 0.001 uncorrected) positive 7z = —28, 6 mm difference) peaks of activation. Interest-
correlation between rCBF andl value, a pattern similar  ingly, such activation was found in both the duration judg-
to the one observed in the case of intensity discrimination. ment and the intensity judgment tasks (no significant differ-
These correlations should be, however, interpreted with ences were found between the two conditions in that study),
caution since none of them reached the< 0.05 criterion again suggesting that the right fronto-parietal/left cerebel-
when corrected for multiple, non-independent comparisons, lum activation could be activated in attentional tasks irre-
and they are based on a small number of psychophysicalspective of the sensory modality and sensory feature being
performance levels. attended to.
In contrast with the previous study on intensity discrimi-
nation[2], however, no relation could be observed between
4. Discussion neuronal activity in the right fronto-parietal network and
level of discrimination performance. As seerFig. 2, level
Part of the activation pattern observed during duration of activity in the regions associated with duration discrimi-
discrimination was very similar to the one observed in nation seemed largely independent of the performance level
the previous study on sound intensity discriminati@. (d), which is confirmed by the fact that regions with a signif-
It consisted of a set of fronto-parietal zones in the right icant correlation P < 0.001) between CBF andi (Table 9
hemisphere and left cerebellum regions whose collective did not show significantly different activity during baseline
involvement in sensory attention has been repeatedly sug-and discrimination conditionsTéble 1. This unexpected
gested by clinical, electrophysiological and neuroimaging finding could reflect fundamental differences in processing
evidence[29,34,45,13,35] This ‘attentional network’ can  sensory attributes such as time and intensity, or differences
be described as composed of three main components, imacross groups of subjects, and further work will be neces-
which the neuronal activity is not necessarily co-varying: sary to clarify the issue.
an extensive right prefrontal component, including large  An important feature of the present results is the con-
regions of the frontal operculum (BA 44, 45, 47) and ex- siderable subcortical activation induced by the duration
tending caudally and dorsally to premotor regions in the discrimination task: significant activation was observed in
vicinity of the frontal-eye-field (FEF) (BA 6); a region of the thalamus and basal ganglia, peaking in left thalamus
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and extending to left and right striatdable 1 Fig. 2. prefrontal cortex in temporal task87,39] Such activa-
This result is consistent with several studies that em- tion could be specifically related to the comparison of time
phasize the importance of the basal ganglia in timing intervals[40].
operations[18,12,40] In particular, Rao et al[40] re- Last, very few of the regions found to be more ac-
vealed with fMRI the early activation of the basal ganglia tive during attention to sound duration than during the
during an interval comparison task, suggesting an impor- baseline were located in auditory-related areas of the cor-
tant role of these structures in encoding time intervals tex. Here, only one temporal lobe region was found to
[40]. be activated during the discrimination task relative to the
A second important feature of the present pattern of passive baseline, located in right middle temporal gyrus
activation concerns the cerebellum: whereas neuroimag-(Table J), in a rather distant location from the anatomical
ing studies report in general unilateral activation of the site of primary auditory cortex; this result is consistent

cerebellum, mostly contralateral to the site of main cor-
tical activation, cerebellar activation in the present study
was observed on both the sideRalle ). In addition to
the lateral and superior part of the lobule VI of the left
cerebellar hemispher®], a nearly symmetrical region of
the right cerebellum was activated only for duration dis-
crimination ¢ = 32,y = —58, z = —24). This result

is consistent with current models of temporal process-
ing viewing the cerebellum, especially its lateral parts,

with the fact that auditory input was very similar in all
conditions, with only slight duration increases for 25% of
the stimuli in the discrimination conditions. Yet, specific
attention to an auditory feature such as sound duration
might have been expected to induce greater activation in
auditory cortex than during non-focused, passive listening.
This absence of attention-induced activation in primary
auditory fields has already been obseréd44,46,47]
and is consistent with a model of cortical architecture

as playing a critical role in timing operatiorj$9,18] A according to which modulations become increasingly
PET study of sound duration comparis@@l] also em- less pronounced in the stream from higher-order associ-
phasized the role of the cerebellum in timing operations ation areas to unimodal, secondary and primary cortices
in humans by showing bilateral activation of the cere- [30].
bellar hemispheres in a duration comparison task. The
activation foci they reported (leftt = —14, y = —36,
z = —12; right: x 16, y —76, z —12), how-
ever, were situated in a different location, higher and more
medial than in the present study. Interestingly, a recent These results suggest that discrimination of sound inten-
study of motor timing[38] reported cerebellar activation sity is performed in the human brain by the combination
during production of a simple timed motor response that of two cortical networks, or groups of areas working in
peaked in a very close location & —29.5, y = —60.7, concert: (i) a sensory attentional ‘networl29,30] with
z = =315, <4 mm difference) to the one activated bilat- components in the right frontal and parietal lobes, prob-
erally in the present study. Yet, Rao et pl0] suggested  ably highly aspecific and supramodal since its activation
that cerebellar activation in time perception task could is often reported for sensory attentional tasks in other
be related to processes other than explicit timing, proba- modalities and for other sensory features; (ii) a temporal
bly associated with the motor response. Importantly, the processing ‘network[18,12] involving, in particular, acti-
relatively high level of cerebellar activation observed in vation to varying degrees of the basal ganglia, cerebellar
the present study should be related to the rather shorthemispheres and right prefrontal cortex (BA 10), presum-
range of durations used here (around 300 ms). Data fromably responsible for processing sound duration differences.
time perception experiments using longer durations and While the different components of the fronto-parietal net-
higher temporal resolution suggest that cerebellar acti- work seem to be recruited whenever attention to a sen-
vation typically occurs only around stimulus ongés], sory attribute is required, the extensive subcortical and
compared to a more sustained activation of the basalright frontal activations observed here were probably
ganglia. specifically induced by the temporal component of the
A third feature of the present results concerns activation task.
in the right prefrontal cortex: strong rCBF increases were  For further reading se4].
found in right orbital prefrontal cortex (BA 10) for dura-
tion discrimination, in the ventral and anterior part of the
superior frontal sulcus. This result is consistent with ani- Acknowledgements
mal work suggesting a particular role of the frontal cortex
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