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Sound duration is important for distinguishing auditory object. Previous studies on the neural representation of duration have usually
lacked psychophysical data obtained from the same species; hence, the correspondence between neural and behavioral discrimination of
duration remains obscure. We addressed this issue in cats by using the signal detection theory to investigate both neural activities in the
primary auditory cortex (A1) and the cat’s behavioral performance. We found that 320 ms duration can be well discriminated from 10 ms
duration by some A1 neurons with specific response patterns: sustained response extended proportionally with the increase of stimulus
duration and the On–Off response synchronizing stimulus onset and offset. Neurons with only On response cannot discriminate dura-
tion. The discrimination performance of both sustained and On–Off responses deteriorated as the target duration decreased from 320 to
20 ms and the percentage of discriminative neurons (correct rate �0.75) decreased from 40 to 2%. Compared with the psychophysical
results, we found that the psychometric functions of cats well matched the neurometric functions of most sustained-response neurons
and a small number of On–Off-response neurons. Pooling the spikes of multiple units improved neural discrimination, which may be
attributable to the salience (noise reduction) of the responses in pooled data. Our results suggest that the sustained and Off responses of
A1 neurons underlie the duration discrimination behavior of cats.

Introduction
Sound duration is an important temporal feature of acoustic in-
formation. For example, the duration of fricative noise is the cue
for fricative–affricate distinction (Repp et al., 1978; Mitani et al.,
2006). For this reason, the neural substrate for processing sound
duration has been intensively investigated by previous electro-
physiological studies. It is well established that the neurons in the
low level of auditory pathway can potentially encode sound du-
ration through their temporal response patterns, such as re-
sponses at stimulus onset and offset, or through tonic responses
over the duration of the sound (Kitzes et al., 1978; Calford and
Webster, 1981; Rhode and Smith, 1986; Grothe, 1994). Neurons
that selectively respond to a narrow range of durations were only
found at or above the level of the inferior colliculus (IC) or its
homolog. Duration-selective neurons have been described in the
central auditory system of many vertebrates, including frogs
(Potter, 1965; Narins and Capranica, 1980; Hall and Feng, 1986;
Gooler and Feng, 1992), bats (Pollak and Schuller, 1981; Pinheiro
et al., 1991; Casseday et al., 1994; Fuzessery, 1994; Ehrlich et al.,
1997; Galazyuk and Feng, 1997; Faure et al., 2003; Mora and
Kössl, 2004), cats (He et al., 1997), chinchillas (Chen, 1998), mice
(Brand et al., 2000), and rats (Pérez-González et al., 2006). Al-

though a large volume of literature has been accumulated, the
cortical substrate for duration representation has seldom been
reported, and most previous studies were conducted on anesthe-
tized animals. Hence, it is worth investigating duration represen-
tations in the auditory cortex of awake animals.

More importantly, the previous neuronal data of duration
representation frequently lacked corresponding psychological
data about the behavioral discrimination of animals. There is still
no evidence demonstrating whether the observed neuronal activ-
ities really account for different duration perceptions. To address
this issue, we recorded neural responses to tones of various du-
rations in the primary auditory cortex (A1) of awake cats and also
measured the behavior performance of cats discriminating these
tones. Although the physiological and psychological data were
obtained from separate cats, our results show for the first time
excellent correspondence between the neural representation and
discrimination behavior of sound durations in the same species.

Materials and Methods
Animal preparation, recording, and histology. Experiments were per-
formed in accordance with the University of Yamanashi Guidelines for
Animal Experiments and the Guiding Principles for the Care and Use
of Animals approved by the Council of the Physiological Society of Japan.
Animal preparation, recording, and histological procedures were as de-
scribed previously in detail (Qin et al., 2005, 2007, 2008a,b). For micro-
electrode access in the chronic recording, an aluminum cylinder (inner
diameter, 12 mm) was implanted into the temporal bone above the au-
ditory cortex, which was identified using a stereotaxic atlas of the cat
brain. Extracellular recording was conducted using an epoxylite-
insulated tungsten microelectrode (impedance, 2–5 M� at 1 kHz; FHC),
which penetrated the brain through a micromanipulator (MO-95; Nar-
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ishige) mounted on the implanted cylinder. The coordinate of each track
was recorded to construct a map. At the end of the experiment, some
tracks were reapproached and marked by electrolytic lesions. The animal
was then deeply anesthetized with sodium pentobarbital and perfused
with 10% Formalin. The brain was removed, cut into coronal sections,
and stained with neutral red. Based on the relative coordinates between
the electrolytic lesions and other tracks, the locations of recording sites in
the brain were reconstructed. This report was based on units collected
from A1, which was determined by the anatomic location and tonotopic
organization.

Sound generation and delivery. The sound delivery system was con-
trolled by a custom-made program written in MATLAB (MathWorks).
Digitally generated waveforms of sound stimuli were fed into a 16-bit
digital-to-analog converter (PCI-6052E; National Instruments) at a sam-
pling frequency of 100 kHz and to an eight-pole Chebyshev filter (P-86;
NF Electric Instruments) with a high cutoff frequency of 20 kHz. The
outputs were played through a pair of speakers (K1000; AKG) placed 2
cm from each auricle of the cat. We calibrated the sound delivery system
between 128 and 16,000 Hz at the frequency step of 8 Hz, and the output
varied by �5 dB. Harmonic distortion was less than �60 dB.

Electrophysiological recording and data
analysis. Single-unit activities were discrimi-
nated using a template-matching discriminator
(ASD; Alpha Omega Engineering). Once a sin-
gle unit was isolated, we estimated its frequency
tuning by randomly presenting a sequence of
pure tones (500 ms in duration including 5 ms
rise/fall time) in the frequency range of 128 –
16,000 Hz (in 128 Hz steps) and at sound pres-
sure level (SPL) of 50 dB. The best frequency
(BF) was defined as the tone frequency that
elicited the largest number of spikes during the
500 ms stimulus period. We then evaluated the
effect of sound duration on neuronal responses
by presenting BF tones with six different dura-
tions (10, 20, 40, 80, 160, and 320 ms) includ-
ing 5 ms rise/fall time. Each duration was
repeated 20 times; in total, 120 tone bursts were
presented in pseudorandom order with an in-
terstimulus interval of at least 1 s. If single-unit
activity was still well isolated after completing
the recording at 50 dB SPL, the same stimulus
procedure was repeated at 70 and/or 30 dB.

The peristimulus time histogram (PSTH) in
1 ms bin width was constructed by counting
the number of spikes in each trial. Neural dis-
charge was sometimes suppressed by a tone
stimulus to lower than the spontaneous firing
rate (Fig. 1 B). To represent both excitatory and
suppressive activities, the height of PSTH was
transformed into the “driven rate” by subtract-
ing the background firing rate (firing rate aver-
aged over 120 trials during the 0.5 s period
before each stimulus onset). PSTH was then
smoothed by a Gaussian function with 5 ms
SD. To assess the temporal discharge pattern of
the neuron, mean PSTH averaged over 20 trials
of the same duration stimuli was also con-
structed (Fig. 1 A–C, bottom). Based on the
mean PSTH of 320 ms tones, we classified the
neuronal responses into three patterns: (1)
“sustained response,” in which the duration of
excitatory responses (bins of PSTH higher than
2 SDs of the background firing rate) during the
320 ms stimulus period was longer than 160 ms
(Fig. 1 A); (2) “On–Off response,” in which the
duration of excitatory responses during the
stimulus period was shorter than 160 ms, and
excitatory responses were also found within the
100 ms period after stimulus offset (Fig. 1 B);

and (3) “On response,” in which excitatory responses were only found
during the stimulus period, and the response duration was shorter than
160 ms (Fig. 1C).

For each neuron, we evaluated the change in neural response as a
function of the duration of the tone burst. For this, the duration
tuning function of the unit was constructed by plotting its mean
driven rate, averaged over the 400 ms period after stimulus onset as a
function of stimulus duration (Fig. 1 D–F ). The 2 SDs level of the
background firing rate averaged over the same length of time window
was also plotted to evaluate the reliability of the tuning function (Fig.
1 D–F, dotted line).

Neurometric function analysis. The receiver-operating characteristic
(ROC) based on signal detection theory (Green and Swets, 1966) has
been used successfully to examine whether neural responses can provide
sufficient information to discriminate different stimuli (Britten et al.,
1992, 1996; Parker and Newsome, 1998). Here, we applied PSTH-
based ROC analysis following Walker’s method (Walker et al., 2008).
The difference between two individual PSTHs (1 ms bin, 400 ms
analysis window, normalized by the maximum response height of the

Figure 1. Discharge patterns and duration tuning functions of the three representative units. A–C, Raster plots and mean PSTHs
of 20 trials in response to tone bursts of different durations (10, 20, 40, 80, 160, and 320 ms). Shaded areas indicate stimulus
duration. D–F, Mean driven rate as a function of stimulus duration. Dotted line shows the level of 2 SDs of the background firing
rate.
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cell) was quantified by the Euclidian distance
(ED), calculated as ED � �¥i�1

nbin (xi � yi)
2,

where nbin is the total number of bins, and x
and y are bin heights.

For each unit, ED between two single-trial
PSTHs of the same 10 ms tone was referred to
as a within-category distance, whereas that be-
tween PSTHs of 10 ms and one of the other
durations (20, 40, 80, 160, or 320 ms) was re-
ferred to as an across-category distance. An
ROC curve (Fig. 2 A) for a given duration (20 –
320 ms) was constructed by comparing the dis-
tributions of within- and across-category
distances in a series of 40 criterion values span-
ning the full range of both distributions; that is,
for each criterion, the proportion of across-
category distances that exceeded the criterion
(hit rate) was plotted against the proportion of
within-category distance that exceeded the cri-
terion (false alarm rate). If the two distribu-
tions were identical, this curve would trace the
line of identity on unit axes (Fig. 2 A, diagonal),
and the two stimuli would be indistinguish-
able. If the distribution of across-category dis-
tance has a median value greater than that of
the within-category distance, these points will
trace a curve above the diagonal. Integrating
the area under the ROC curve by the trapezoid
rule yields a measure of discrimination perfor-
mance (expected proportion of correct re-
sponses) that is independent of a potential
criterion bias. The area under the ROC corre-
sponds to the correct rate of cat’s behavioral
responses in the psychophysical experiments,
which is calculated as p(correct) � [p(hits) �
(1 � p(false alarms))]/2. The area under the
ROC was plotted against the duration of target
tone to construct the neurometric function
(Fig. 2 D).

Psychophysical testing procedure. Behavioral
performance was measured in three male cats
different from those used for electrophysiolog-
ical recording. The cats were trained using a
go/no-go procedure to discriminate whether a
target tone was different from a standard tone. Initially, the cats were
deprived of food to 80% of their free-feeding weight. Subjects responded in
a custom-built behavioral box in a soundproofed room. The behavioral
apparatus and sound generation were controlled and monitored by soft-
ware developed in MATLAB, running on a computer interfaced with
digital input– output hardware (PCI-6052E; National Instruments). The
auditory stimuli were delivered via a pair of calibrated speakers (K1000;
AKG) placed 2 cm outside the grid walls of the behavior box. A video
camera and photoelectric sensors were used to monitor the cat’s position
and movements. The cats were first trained to lick a metal pipe on sound
presentation to obtain a drop of liquid food. Each trial was initialized
only when the cats stood ready and kept their head in the observing
position in front of the metal pipe, where the speaker calibration was
performed. Cats learned this procedure within 1 week and were then
trained to discriminate the duration difference between two successively
presented tones. The first tone was always a standard tone (10 ms in
duration), whereas the second tone was presented 250 ms later and was
either a standard or target tone (320 ms). Subjects were required to lick
the metal pipe when the target signal was presented (“hit”) and not to lick
when the standard signal was heard (“correct rejection”). There were also
two kinds of error responses: licking on the presentation of the standard
signal (“false alarm”) and not licking on the presentation of the target
signal (“miss”). Subjects were positively reinforced only for the hit re-
sponse. False alarm response resulted in a timeout, during which the lights
were extinguished and the training program paused for a period of 10–30 s.

The target and standard signals were randomly presented in an equal ratio.
One session consisted of 100 trials. Cats could usually finish two to four
training sessions every day.

The subjects’ daily performance in this task was quantified via the
measure d� from signal detection theory (Green and Swets, 1966;
Macmillan and Creelman, 1991). d� is calculated as the z-score of the
probability of a false alarm response subtracted from the z-score of the
probability of a hit response. The cats required 1–2 months of training
(5000 – 6000 trials) to achieve performance levels of d� � 2.0 (�84%
correct). The threshold of d� is usually defined as 1.0 in visual studies. In
this auditory task, the performance of cats could not be maintained in
successive sessions if the training procedure stopped at d� � 1.0. We
therefore adopted a high criterion of d� � 2.0, as used by Otto et al.
(2005). Once cats reached the performance of a d� � 2.0 for five succes-
sive sessions, they advanced to additional steps, in which the duration of
the target tone was decreased in a sequence of 160, 80, 40, and 20 ms. This
procedure ceased at the step when the subject’s performance could not
reach the criterion after 2000 training trials. The frequency and/or SPL of
tone bursts were then changed, and the training procedure was restarted
from 320 ms duration.

After completing the training paradigm, we evaluated the cat’s dis-
crimination performance by randomly presenting various pairs of dura-
tions in one session, which consisted of 50 trials of standard comparison
(10 –10 ms) and 10 trials of each target comparison (10 –320, 10 –160,
10 – 80, 10 – 40, and 10 –20 ms), respectively. Each cat performed 12 test-

Figure 2. Results of ROC analysis in three representative units. A–C, ROC curves constructed from the two distributions of ED:
the ED between two single-trial PSTHs, both from the standard duration (10 ms) group and the ED between two PSTHs of the
standard and target duration (20, 40, 80, 160, or 320 ms), respectively. D–F, Neurometric functions constructed by plotting the
area under the ROC curves shown in A–C against the target duration. Dotted line shows the level of 0.75. Time window used in ROC
analysis is 0 – 400 ms after stimulus onset. G–I, Neurometric functions obtained from the time window of 0 –50 ms. J–L, Neuro-
metric functions obtained from the time window of 50 – 400 ms.
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ing sessions. Each session tested one combination of four frequencies (2,
4, 8, or 16 kHz) and three SPLs (30, 50, or 70 dB). The psychophysical
function of duration discrimination was constructed by plotting the area
under ROC against the duration of target tone.

Results
In total, data from 134 single units were collected from both
hemispheres of the caudal part of A1 in three awake cats. The A1
was distinguished from the adjacent auditory fields by the tono-
topic organization of BF. The BF of the collected units ranged
from 320 to 15,872 Hz (mean � SD, 6.7 � 4.9 kHz).

Representative examples of different response patterns
A1 units of awake cats showed multiple discharge patterns to tone
bursts. Figure 1A presents an example unit with a sustained dis-
charge pattern. Raster plots of spike activities responding to tone
stimuli with different durations (10, 20, 40, 80, 160, and 320 ms)
at 50 dB SPL are shown at the top of each plot. The mean PSTHs
averaged over the 20 trials of each stimulus condition are shown
at the bottom. The dotted line displays the level of 2 SDs of the
background firing rate, which is used as the threshold for detect-
ing the excitatory response. In this example cell, the duration of
excitatory responses to 320 ms tones was 291 ms, which was
obtained by counting the over threshold bins of the mean PSTH
during the stimulus period (Fig. 1, shaded area). The long dura-
tion of response to 320 ms tone characterizes the sustained re-
sponse pattern of this cell. By shortening the stimulus duration,

the response duration is also proportion-
ally shortened. Consequently, this cell
showed a long-pass type of duration tun-
ing (Fig. 1D), evaluated by the mean
driven rate during the 400 ms period after
stimulus onset.

Figure 1B shows an example unit with
a transient discharge pattern synchroniz-
ing to the onset and offset of stimuli (On–
Off response). This cell showed a sharp
response to the onset of the 320 ms tone,
which was characterized by the short re-
sponse duration of 33 ms. Additionally,
the 320 ms tone also evoked an excitatory
response after sound offset. Shortening
the stimulus duration had no obvious ef-
fect on the On response, whereas the oc-
currence time of the Off response shifted
ahead progressively; however, when the
stimulus duration was 40 ms, the Off re-
sponse obviously decreased and partly
overlapped with the On response. The Off
response became undistinguishable when
the stimulus duration was 20 or 10 ms.
The duration tuning function of this cell
also appears to be a long-pass type (Fig. 1E)
but, because the cell had obvious spontane-
ous firing and the excitatory responses were
limited within short periods, the tuning
function based on the mean driven rate can-
not obviously surpass the level of 2 SDs of
the background firing rate (dotted line), and
the tuning slope of this cell is also slower
than that of the sustained-response cell
(Fig. 1 D).

Figure 1C shows an example unit with
only a transient response to the stimulus

onset (On response). The response duration during the 320 ms
tone was only 31 ms. Varying the tone duration between 320 and
10 ms had little effect on the response of the cell. The duration
tuning function evaluated by the 400 ms time window was lower
than the 2 SDs of the background firing rate (Fig. 1F), suggesting
that the tuning function cannot effectively access the character-
istics of this cell.

As indicated by Figure 1, A1 neurons of awake cats showed
obvious spontaneous firing and multiple response patterns, mak-
ing it difficult to use a uniform rate function to fully assess their
response properties. We therefore applied PSTH-based ROC
analysis to examine whether the spike information can be used to
discriminate different tone durations (see Materials and Meth-
ods). For each neuron, we used spike trains of 10 ms duration
tones as the standard signals and those of other durations as the
target signals. Using analyses derived from signal detection the-
ory, ROC curves were calculated for each standard-target com-
parison: 10 –320, 10 –160, 10 – 80, 10 – 40, and 10 –20 ms (Fig.
2A), and a neurometric discrimination curve was then derived
from these ROC curves (Fig. 2D) (see Materials and Methods).
From Figure 2D, it is clear that the sustained-response cell (the
same cell shown in Fig. 1A) can perfectly discriminate a 320 or
160 ms tone from a 10 ms tone (the area under the ROC is close to
1.0). The discriminating performance gradually decreases as the
target duration decreases from 160 to 20 ms and drops below the
level of 0.75 (dotted line) at 40 ms.

Figure 3. Population properties of the three groups of A1 neurons. A–C, Mean PSTHs of sustained-, On–Off-, and On-response
units, respectively. PSTHs of 10, 20, 40, 80, 160, and 320 ms are superimposed to show the effect of stimulus duration on each unit
group. Shaded area shows SE. D–F, Mean duration tuning function averaged over each group. Shaded area shows SE. Dotted line
is the mean level of 2 SDs of background firing. G–I, Mean neurometric function averaged over each group. Dots show SD.
Horizontal line is the level of 0.75.
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The results of ROC analysis of the On–
Off-response cell are displayed in Figure
2, B and E. Although the neurometric
function of this cell is much lower than
that of the sustained-response cell, it can
still well discriminate 320, 160, and 80 ms
tones from 10 ms tone (the area under the
ROC is higher than 0.75). The lower dis-
criminating performance at 40 and 20 ms
is consistent with the fact that the Off re-
sponse of this cell became smaller at 40 ms
and disappeared at 20 ms (Fig. 1B); thus,
this cell may depend on the Off response
to discriminate different durations.

As shown in Figure 2, C and F, the re-
sults of ROC analysis indicated that the
On-response cell cannot discriminate du-
ration. We then examined whether the
discriminating performance depends on
the analysis time window. For this, we re-
conducted the ROC analysis using two
different time windows: 0 –50 and
50 – 400 ms, respectively. All the neuro-
metric functions obtained from the 0 –50
ms time window are below 0.75 (Fig. 2G–
I), suggesting that On responses contrib-
ute less to duration discrimination.
However, ROC analysis using the 50 – 400
ms time window resulted in a similar neu-
rometric function (Fig. 2 J–L) as that ob-
tained from the 0 – 400 ms window (Fig.
2D–F). Thus, the sustained-response and
On–Off-response cells depend mainly on
later responses to discriminate duration.
The similarity between the neurometric
functions of 50 – 400 and 0 – 400 ms also
indicates that removing the less useful On
responses cannot obviously improve neu-
rometric function. This is reasonable be-
cause our ROC analysis is based on the ED
between two spike trains. On responses
during the 0 –50 ms period show high
similarity, resulting in a small ED, there-
fore contributing less to the neurometric function of 0 – 400 ms.

Population data of different response patterns
Above we presented three representative examples with distinct
response patterns. Accordingly, we classified the 134 units into
three groups: 47 sustained-response cells, 20 On–Off-response
cells, and 70 On-response cells (for the definition, see Materials
and Methods). The effect of duration on the different discharge
patterns is illustrated by the mean PSTHs averaged over each unit
group (Fig. 3A–C). In the plots, the PSTHs of various stimulus
durations are aligned relative to stimulus onset. The population
results showed similar properties to those of the representative
examples: the duration of sustained responses proportionally
changed with the stimulus duration (Fig. 3A); the occurrence
time of Off responses closely followed the termination of stimu-
lus (Fig. 3B); and the On responses were less affected by the
change in duration (Fig. 3C). The duration tuning function of
each cell was also normalized by its maximum and averaged over
each group to construct the mean duration tuning function (Fig.

3D–F). Repeating the results of the representative cells, the
sustained-response group showed sharp long-pass-type duration
tuning (Fig. 3D), the On–Off-response group showed slow long-
pass tuning (Fig. 3E), and the On-response group showed unsta-
ble duration tuning (Fig. 3F), which was mostly below the mean
level of 2 SDs of the background firing rate (dotted line).

The mean and SD of neurometric functions in each unit group
are illustrated in Figure 3G–I, respectively. The 320 ms duration
can easily be discriminated from 10 ms duration based on the
sustained responses, and the performance gradually decreases
with the decrease of target duration (Fig. 3G). The population
result of On–Off responses is similar in style to that of sustained
responses, except that the performance is lower in all discrimina-
tion pairs (Fig. 3H); thus, different durations can also be discrim-
inated based on On–Off responses, but the reliability is worse.
Conversely, the duration can hardly be discriminated based on
the On responses alone (Fig. 3I), because all the values of the
mean and SD are lower than 0.75 (dotted line). The population
results collected at tone SPLs of 70 and 30 dB also showed the
same tendency (data not illustrated).

Figure 4. Histograms showing the percentage of units achieving a discrimination performance higher than 0.75, when spike
activities are used to discriminate 10 ms tones from 20, 40, 80, 160, and 320 ms tones, respectively.

Figure 5. Behavioral performance of three cats during training sessions to discriminate 20 –320 ms tones from 10 ms tones.
Different marks represent different target durations. Horizontal line shows the criterion (d� � 2) of behavioral performance.
Vertical lines mark the session when the tone frequency was changed.
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The effect of the sound pressure level on duration discrimination
was evaluated by counting the number of units with a neuromet-
ric score higher than 0.75. Figure 4A displays the percentage
distribution of such units when tested by 50 dB SPL tones. There
were 42.1% of A1 cells that could accurately discriminate 320 and
10 ms tones, whereas the percentage of cells with high perfor-
mance gradually decreased with shortening of the target duration
and dropped to 2.3% at 20 ms. When the sound level was in-
creased to 70 or decreased to 30 dB SPL, the distribution pattern
of high-performance units remained unchanged (Fig. 4B,C).
Thus, the ability of the A1 discriminating duration may be less
affected by the change in sound level.

Psychophysics
To compare the above physiological findings with the actual
acoustic percepts, we attempted to train three naive cats to dis-
tinguish the duration difference between 10 and 320 ms tones
using a go/no-go procedure, wherein cats were rewarded for lick-
ing a metal pipe after the presentation of a tone in 320 ms dura-
tion (see Materials and Methods). After 5000 – 6000 trials of
behavioral training, cats were able to reliably detect the difference
between 10 and 320 ms tones. We then gradually decreased the
duration of the target tone from 320 to 20 ms, when the subject’s
performance exceeds the criterion (d� � 2) in five successive
sessions (100 trials per session). The first segment in Figure 5A
shows the result of one cat trained by 4 kHz tones at 50 dB SPL.
After establishing reliable discrimination between 10 and 320 ms
durations (asterisks), the cat only required two sessions to learn
to discriminate 10 and 160 ms durations (downward triangles).
As the target duration was decreased to 80 and 40 ms, increasingly
more sessions of training were required for the cat to achieve the

performance criterion. Because the cat
still could not continuously achieve a d�
value �1.0 after it was trained for 2000
trials to distinguish 10 and 20 ms dura-
tions (white circles), we changed the tone
frequency to 8 kHz and restarted the
training from the initial step (10 –320 ms).
This procedure was repeated four times in
each cat using tones of 2, 4, 8, and 16 kHz
at 50 dB, respectively. The results of the
other two subjects are illustrated in Figure
5, B and C. All the cats soon learned to
detect the difference between 10 ms dura-
tion and 320, 160, 80, or 40 ms duration
and could continuously achieve a high d�
value (�2.0), but their performance of 10
and 20 ms discrimination kept fluctuat-
ing around the d� value of 1.0. We then
tested the three cats using 4 kHz tones at
70 and 30 dB SPLs, and the same results
were observed (data not illustrated). In
total, 120 sessions (12,000 trials) of
10 –20 ms discrimination tasks were
conducted on each cat, none of which
could stably achieved a d� value �1.0.
This is consistent with the above physi-
ological results, wherein the percentage
of A1 neurons that could well discrimi-
nate 10 and 20 ms durations was quite
small (	%5) (Fig. 4).

To construct the psychometric func-
tion of duration discrimination, we finally

evaluated the cat’s behavioral performance by randomly present-
ing all duration pairs (10 –10, 10 –20 . . . and 10 –320 ms) in the
same session. The psychometric function was constructed by
plotting the cat’s behavioral performance as a function of the
target duration (see Materials and Methods). The circles and bars
in Figure 6A–C show the mean and SD of the psychometric func-
tions obtained from different cats and tone frequencies at 70, 50,
and 30 dB SPL, respectively. The cat’s performance gradually
decreases by shortening the target duration and drops lower than
0.75 at 20 ms. The psychometric functions of 70, 50, and 30 dB
SPL show a similar shape, suggesting again that the duration
discrimination is independent of the sound level.

Comparison between neurometric and
psychometric functions
In Figure 6, we also plotted the neurometric function of each
individual unit (gray lines) to compare with the psychometric
functions. Most of the neurometric functions of sustained-response
cells were within the 1 SD range of psychometric functions (Fig.
6A–C). In contrast, only a small number of On–Off-response
cells showed neurometric functions within the 1 SD range of
psychometric functions, and others showed neurometric func-
tions parallel to but lower than the psychometric functions
(Fig. 6 D–F ). As for On-response cells, almost all the neurometrics
were not correlated with the psychometrics (Fig. 6G–I). These re-
sults suggest that sustained-response neurons contribute greatly
to the behavioral performance of duration discrimination, the
On–Off-response neurons contribute a little, and the On-
response neurons do not.

Although some units have a lower performance individually,
they may also provide more or less information for duration

Figure 6. Comparison of psychometric and neurometric functions. A–C, Area under the ROC was plotted against the duration of
target tone, constructing the neurometric and psychometric functions. Gray lines show the individual neurometrics of sustained-
response units. Circles and bars show the mean and SD of the psychometrics, respectively. D–F, Neurometrics of On–Off-response
units are presented with the psychometrics. G–I, Neurometrics of On-response units are presented with the psychometrics.
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discrimination if they are pooled together.
To examine this possibility, we selected
the 10 “worst” and “best” units (showing
the lowest/highest performance at the dis-
crimination of 320 ms duration) in each
unit group, respectively. The pooled ras-
ters and PSTHs of the 10 worst and best
sustained-response units are shown in
Figure 7, A and B, respectively. The popu-
lation neurometric function based on the
pooled spike data of 10 worst units (Fig.
7C, asterisk line) reaches closer to the psy-
chometric function (circle line) than any
individual neurometric functions alone
(gray lines). The population neurometric
of 10 best units (Fig. 7D) outperforms all
the individual neurometrics and the mean
psychometric, even reaching perfect dis-
crimination (area under the ROC � 1) for
almost all durations. The higher perfor-
mance of the population data may be at-
tributable to the better response
continuity of the pooled spikes (Fig.
7A,B). Pooling the individual spike trains
reduces the noise of the responses by fill-
ing more spikes (compare Fig. 7 with Fig.
1A), that is, the sustained-response pat-
tern becomes more salient.

When the 10 worst On–Off-response
units were pooled, the performance was
only improved a little at 320 ms dura-
tion (Fig. 8C), in which the Off response
was above the 2 SD level (Fig. 8A). In con-
trast, pooling the 10 best units substan-
tially improved neural performance (Fig.
8D). This may be attributable to the sa-
lient Off responses of the pooled data (Fig.
8B). The population performance of the
10 best units also outperformed the psy-
chophysical performance, suggesting that
integrating the Off-response informa-
tion can also sufficiently discriminate the
duration. As for units with only On re-
sponses (Fig. 9), the population neuro-
metrics of the 10 worst units does not
perform better than the individual neuro-
metrics (Fig. 9C); however, that of the 10
best units performs better and reaches
closer to the psychometric (Fig. 9D). In-
specting the raster and PSTH (Fig. 9B), it
was found that these best On-response units are actually located
on the boundary between the sustained and On-response groups.
The pooled data show more sustained-like responses (not higher
than the 2 SDs level), which contributes to the improvement of du-
ration discrimination. The results of pooling analysis suggest that the
convergence of On responses alone with the downstream auditory
centers cannot provide more information useful for duration dis-
crimination. Only integrating the activities of sustained or Off re-
sponses can obtain additive information.

Discussion
This study, for the first time, directly compared the neural repre-
sentation of A1 and behavioral discrimination of sound duration

in the same species. The major findings of our electrophysiolog-
ical experiments are as follows: (1) the sound duration could be
represented by the sustained response extending proportionally
with the increase of stimulus duration and the Off response syn-
chronizing with stimulus offset; (2) sustained responses are more
effective for encoding duration than Off responses; (3) the dura-
tion representations of both sustained and Off responses deteri-
orate with a decreased stimulus duration, and the percentage of
neurons that can discriminate 10 ms duration from longer dura-
tions decreases from 40 to 2% as the target duration decreases
from 320 to 20 ms; (4) the ability of neural discrimination is
relatively stable across sound levels between 30 and 70 dB SPL;
and (5) pooling the spike data of individual units can improve the

Figure 7. Effect of pooling sustained-response units. A, B, Raster plots and PSTHs of the spike data pooled by the 10 worst and
best units, respectively. Same format as Figure 1. C, D, Asterisks represent the neurometric function obtained from the pooled data
of the 10 worst and best units, respectively. Gray lines show the individual neurometrics of each unit. Circles represent the mean
psychometric function.
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performance of neural discrimination by increasing the salience
(decreasing the noise) of sustained- and Off-response patterns.

Compared with the results of psychophysical experiments, we
found that the neurometric functions of most sustained-response
neurons and some On–Off-response neurons well matched the be-
havioral performance of cats.

Comparing the results from other species and other
auditory centers
Previously, neural representation of sound duration has been well
investigated in the central neural system of echolocating bats that
emit biosonar pulses of specific duration (Pollak and Schuller,
1981; Pinheiro et al., 1991; Casseday et al., 1994; Fuzessery, 1994; Ehr-
lich et al., 1997; Galazyuk and Feng, 1997; Faure et al., 2003; Mora
and Kössl, 2004) and frogs that produce communication signals
of stereotypic duration (Potter, 1965; Narins and Capranica,

1980; Hall and Feng, 1986; Gooler and
Feng, 1992). These studies found that a
number of “duration-selective neurons”
selectively respond to narrow ranges of
duration, showing short-pass- or bandpass-
type duration tuning. It was sugges-
ted that duration-selective neurons may
serve to detect behaviorally relevant sig-
nals, because their duration selectivity
typically approximates the duration of
the voice sounds used by these species
(Hall and Feng, 1986; Fuzessery, 1994;
Ehrlich et al., 1997). For example, the
duration of sounds used by bats during
echolocation is generally 	10 ms, cor-
respondingly, �88% A1 cells show pref-
erences for stimuli shorter than 10 ms
(Galazyuk and Feng, 1997). The per-
centage of duration-selective neurons
varied among species. Neurons with a
short-pass or bandpass duration tuning
comprised approximately one-third to
two-thirds of the cell population of bat
IC (Ehrlich et al., 1997; Fuzessery and
Hall, 1999; Faure et al., 2003; Mora and
Kössl, 2004; Fremouw et al., 2005). In
contrast, the total percentage of short-
pass and bandpass neurons was only
17% in IC of mice (Brand et al., 2000)
and 	10% in ICs of rats (Pérez-
González et al., 2006) and chinchillas
(Chen, 1998).

Because the single-unit record can-
not be maintained for long times in
awake animals, we briefly tested each
unit using six durations ranging from 10
to 320 ms. We used durations longer
than 10 ms to test cat A1 neurons, con-
sidering that cats usually use long vocal-
izations to communicate. Moreover, it
may be difficult for cats to perceive du-
ration differences shorter than 10 ms,
suggested by our psychophysical result
that the cat’s performance at 10 –20 ms
discrimination continued to fluctuate
around d� � 1 even after repetitive
training (Fig. 5). As the stimulus dura-

tion varied between 10 and 320 ms in this study, the sustained-
and On–Off-response neurons generally showed long-pass-
type duration tuning (Figs. 1, 3). Strictly speaking, they are not
duration selective because they respond to varying rates across
broad ranges of stimulus duration. As for neurons with only
an On response, it is difficult to evaluate their duration tuning
by the mean firing rate because of the effect of spontaneous
firing. The absence of duration-selective neurons in our data
may be also attributable to the specific choices of stimulation
parameters in this study. Because we only tested six durations
ranging from 10 and 320 ms, a limited number of duration
samples may be unable to fully capture bandpass-type dura-
tion tuning in some units. Moreover, we used 500 ms tones to
search units, which may result in a sampling bias for long-
duration-sensitive cells, in turn leading to an underestimation
of neural short-duration discrimination. Even so, we did find

Figure 8. Effect of pooling On–Off-response units. Same format as Figure 7.
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some neurons (sustained- and On–Off-
response neurons), whose the spike ac-
tivities can explain the cats’ behavior of
duration discrimination.

Link between neural response pattern
and auditory perception
Previous electrophysiological studies have
been conducted on various auditory brain
areas of many animals, but to link neural
activity to auditory perception, it must
also be demonstrated that neural responses
correlate with perceptual decisions, as
assessed in psychometric experiments.
Because psychometric experiments on au-
ditory perception have seldom been con-
ducted on animals, previous studies most
often compared human psychophysical
performance with neural responses in an-
imals. For the first time, we present both
physiological and psychophysical data on
duration discrimination in cats and reveal
that a cat’s auditory perception correlates
with the neural responses of A1. In partic-
ular, units with a sustained discharge pat-
tern showed a neurometric function well
matching the cats’ psychometric function
(Fig. 6A–C). Units with an On–Off re-
sponse could also provide information on
duration discrimination, although their
performance was generally lower than
that of sustained responders (Fig. 6D–F).
Pooling the spike activities of multiple
units improved the performance of neural
discrimination, because the sustained- or
On–Off-response pattern became more
salient after pooling (Figs. 7, 8). Neural
performance based on the 10 best
sustained- or On–Off-response units ob-
viously outperformed the cat’s behavioral
performance, even reaching perfect dis-
crimination (Figs. 7D, 8D). This is similar
to the findings in middle temporal area
MT of monkey, wherein many neurons
outperform the behaving animal on a vi-
sual discrimination task (Britten et al.,
1992). In our data, the population activi-
ties of the 10 worst sustained-response units also provided more
discriminating information than the individual activity of single
units (Fig. 7C). These results suggest that some pooling or averaging
is likely to occur in the neural process of sound duration, but where
and how the pooling process is conducted in the brain are still open
questions.

Temporal resolution of neural response
In this study, we found that cats cannot stably discriminate be-
tween 10 and 20 ms durations, even after 12,000 training trials
(Fig. 5). This limitation of duration perception is coincident with
several other lines of evidence suggesting that the temporal pro-
cess of acoustic information is limited to time frames of 20 ms or
longer. In humans, identifying a separation of two acoustic events
requires stimulus onset asynchrony of �20 ms (Pisoni, 1977;
Pastore, 1983; Stevens and Weaver, 2005). Auditory cortical neu-

rons were also found to have a similar limitation in representing
two separated sounds (Eggermont, 1995; Steinschneider et al.,
2003, 2005). Moreover, the spike timing of A1 neurons has been
proved to convey sufficient information to discriminate slow
changes (	50 Hz) in the envelopes of complex sounds, if the
spike information is read at temporal resolutions of 20 ms or
better (Walker et al., 2008).

Limitations and future directions
Our study has only taken the first steps toward understanding the
relationship between neural responses and behaviors for sound
duration. One of the limitations of this study is that the neural
and behavioral performance measures were obtained from sepa-
rate cats. Ideally, a more careful comparison between neural and
behavioral performance should be performed simultaneously us-
ing the same stimuli in the same subject on a trial-by-trial basis.

Figure 9. Effect of pooling On-response units. Same format as Figure 7.
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This is one of the future directions of auditory experiments. An-
other limitation is that we only measured behavioral perfor-
mance to discriminate 10 ms from five other durations (320, 160,
80, 40, and 20 ms). Training cats to perform auditory discrimi-
nations is notoriously difficult and time consuming, and the stan-
dard and target stimuli that can be used are limited to those that
have been trained. For this reason, we did not measure the psy-
chometric function in smaller steps, as done in human psycho-
logical experiments. Accordingly, the neurometric function was
also calculated using limited samples. Thus, care should be taken
when generalizing our findings to the untested duration range.
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