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1 Introduction 

Previous studies of the coding of the pitch of complex tones in the auditory nerve 
and cochlear nucleus have documented a robust temporal representation based on 
interspike interval distributions (Cariani and Delgutte, 1996; Rhode, 1995; Palmer 
and Winter, 1993). However, these studies have largely neglected possible rate-
place cues to pitch available when individual harmonics are resolved by the periph-
eral auditory system.  Stimuli used in these studies had fundamental frequencies in 
the range of human voice (100-300 Hz), which may produce few, if any, resolved 
harmonics in typical experimental animals, which have a poorer cochlear frequency 
selectivity compared to humans (Shera, Guinan and Oxenham, 2002).  Human 
psychophysical studies suggest that the low pitch produced by stimuli with resolved 
harmonics is stronger and less dependent on phase relationships among the partials 
than the pitch based on unresolved harmonics (Shackleton and Carlyon, 1994). 

Here, we investigate the resolvability of harmonics of complex tones in the cat 
auditory nerve, and compare the effectiveness of rate-place and interval-based  
representations of pitch over a much wider range of fundamental frequencies (110-
3520 Hz) than in previous studies. 

2 Method 

2.1 Stimuli and recording techniques 

We recorded from auditory-nerve (AN) fibers in dial-anesthetized cats using glass 
micropipettes filled with 2-M KCl. Upon contact with a fiber, we measured the 
pure-tone tuning curve to determine the characteristic frequency (CF).  

Stimuli were complex tones whose fundamental frequency (F0) stepped up and 
down over a two-octave range.  Each of the 25 F0 steps lasted 200 ms.  The har-
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monics of each complex spanned a two-octave range around the fiber's CF, and 
were all of equal amplitude, in cosine phase.  The fundamental frequency was al-
ways missing.  The sound pressure level of each harmonic was usually 15-20 dB 
above a fiber's threshold, and ranged from 10 to 70 dB SPL. 

2.2 Data Analysis 
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Fig.1. Block diagram of single-fiber rate model. 

Simple phenomenological models were used to analyze average-rate responses 
to the complex-tone stimuli.  Specifically, a single-fiber model was used to fit re-
sponses of a given fiber as a function of stimulus F0, while a population model was 
used to fit profiles of average rate against CF for a given F0.  The model parameters 
provide quantitative measures of the ability of AN fibers to resolve individual har-
monics. 

The single-fiber model (Fig. 1) is a cascade of 3 stages. The band-pass filtering 
stage, representing cochlear frequency selectivity, is implemented by a symmetric 
rounded exponential function (Patterson, 1976). The Sachs and Abbas (1974) model 
is used to express the mean discharge rate as a function of the r.m.s. amplitude at 
the ouput of the band-pass filter.  The model has 6 free parameters, considerably 
fewer than the 25 F0 values for which responses are obtained in each fiber. 

The population model is an array of single-fiber models indexed on CF so as to 
predict the entire auditory-nerve rate response as a function of cochlear place.  The 
bandwidths of the band-pass filters are constrained to be a power function of the CF 
(Shera et al., 2002).  The population model has no free parameters; rather, parame-
ters of the stimulus (F0 and SPL) are selected to fit the measured "rate-place pro-
files" expressing the normalized driven discharge rate as a function of CF (Sachs & 
Young, 1979).   The resulting best-fitting F0 gives a rate-based estimate of pitch 
that does not require a priori knowledge of the actual F0.   

3 Results: Rate-Place Representation 

3.1 Single-fiber rate responses 

Figure 2 shows the average discharge rate plotted against complex-tone F0 for two 
auditory-nerve fibers.  The horizontal axis represents the dimensionless “harmonic 
number” CF/F0, so that higher F0s are towards the left.  For both fibers, the mean 
rate shows a peak when the CF is a small integer multiple of F0, and a valley when 
the CF falls halfway between two harmonics.  However, the oscillations are more 
pronounced for the higher-CF fiber on the right. 
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Fig. 2. Average discharge rate as a function of F0 for two fibers with CFs of 952 Hz (left) 
and 2922 Hz (right).  Error bars show ±1 standard deviation of the discharge rate obtained 
by bootstrap resampling over stimulus trials. The solid lines are least-squares fits to the 
data using the model of Fig. 1. 

For both fibers, the response of the best-fitting single-fiber model captures the 
main trend in the data. The harmonics of F0 are considered to be resolved so long 
as the oscillations in the fitted curve exceed two typical standard deviations (gray 
shading).  We call Nmax the maximum resolved harmonic number. Here, Nmax for the 
low-CF fiber is 4.1, smaller than Nmax for the high-CF fiber (5.3). The ratio Nmax/CF 
gives F0min, the lowest fundamental frequency whose harmonics can be resolved in 
the rate response of a given fiber. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 shows that F0min increases systematically with characteristic frequency.  

It also suggests that harmonics of F0s in the range of human voice (100-200 Hz) are 
rarely, if ever, resolved by AN fibers in the cat. The increase in F0min is well fit by a 
power function of the CF with an exponent of 0.63 (solid line). This result is 
consistent with the progressive sharpening of peripheral tuning with increasing CF 
when expressed as a Q factor. The exponent for Q would be 0.37, which closely 

Fig. 3. Lowest F0 whose harmonics can 
be resolved as a function of CF. For some 
fibers (arrows), F0min was bounded by the 
lowest F0 presented and was therefore 
somewhat overestimated. 
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harmonic number for 11 fibers 
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matches the 0.37 exponent found by Shera et al. (2002), based on pure-tone tuning 
curves from AN fibers in the cat. 

Rate responses of AN fibers to complex stimuli are known to depend strongly 
on stimulus level (Sachs and Young, 1979).  To address this issue, responses to 
complex tones were recorded at two different stimulus levels in a few fibers.  In 
these cases, the maximum resolved harmonic number Nmax tended to decrease with 
increasing stimulus level (Fig. 4). This decrease could reflect either broadened 
cochlear tuning with increasing level, or rate saturation. Preliminary analysis sug-
gests that the latter may be the dominant factor, since the bandwidths of the model 
auditory filters stay essentially constant with level. 

3.2 Pitch estimation from rate-place profiles 

Figure 5 shows the normalized driven dis-
charge rate in response to a complex tone 
with an F0 of 541.5 Hz as a function of CF.  
Despite some scatter in the data, the nor-
malized rate tends to show a local maxi-
mum when the CF is an integer multiple of 
F0 and a minimum when the CF falls half-
way between two harmonics. 

The oscillatory pattern in the rate-place 
profile of Fig. 5 can be used to estimate the 
fundamental frequency of the stimulus. To 
quantitatively derive such estimates, we 
determined the F0 of a complex tone with 
equal-amplitude harmonics for which the 
response of the population model (see 
Method) best fits the observed rate-place 
profile. Here the estimated pitch was 547.4 
Hz, only 1.1% above the actual F0.   

Figure 6 shows measures of the accu-
racy and precision of rate-based pitch esti-
mates as a function of F0.  With few excep-
tions, median pitch estimates only deviate 
by a few percent from the true F0 (top 
panel).  For F0s above 400-500 Hz, the 
interquartile range of the pitch estimates 
over 100 bootstrap resamplings of the data 
are all below 5% (middle panel). However, 
the model produces few reliable estimates 
for F0s below 400 Hz.  The bottom panel 
of Fig. 6 shows a measure of pitch salience 
derived from the amplitude of the oscilla-
tions in the model rate-place profiles.  The 
salience is very low below 800 Hz, then 

Fig. 5. •: normalized discharge rate 
as a function of CF; : model rate-
place profile. F0 = 541.5 Hz. 
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mental frequency. 
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increases rapidly to saturate above 2 kHz.  Overall, pitch estimation from rate-place 
profiles works best for F0s above 400 Hz. 

4 Pitch estimation from pooled interspike interval distributions 

As in previous studies of the neural coding of pitch (Cariani and Delgutte, 1996; 
Rhode, 1995), we derived pitch estimates from pooled interspike interval distribu-
tions.  The pooled interval distribution is the sum of the all-order interspike inter-
vals for all sampled auditory-nerve fibers, and is closely related to the summary 
autocorrelation in the Meddis and Hewitt (1991) model. 

 

0
200
400
600
800

1000
1200

F0 = 320 Hz

N
u

m
b

er
 o

f 
In

te
rv

al
s

0
200
400
600
800

1000
1200

F0 = 880 Hz

0 5 10 15 20 25
Interspike Interval (msec)

Max Salience Periodic Template

0 5 10 15 20 25
Interspike Interval (msec)

Max Salience Periodic Template

110 160 320 640 960 1600 3520
0

0.5
1

1.5
2

2.5
3

3.5

Template Fundamental Frequency (Hz)

T
em

p
la

te
 S

al
ie

n
ce

110 176 293 440 880 1760 3520
0

0.5
1

1.5
2

2.5
3

3.5

Template Fundamental Frequency (Hz)  
 

Fig. 7. Top row: pooled interval distributions for complex tones at two F0s. Middle row: 
periodic template with maximum salience. Bottom row: salience of periodic template as a 
function of its fundamental frequency. Results are shown for two F0s: 320 Hz (left column) 
and 880 Hz (right column). 

Figure 7 (top) shows pooled interval distributions for two complex-tone stimuli 
with F0s of 320 and 880 Hz.  For both stimuli, the pooled distributions show modes 
at the period of F0 and its integer multiples (dotted lines). However, these modes 
are less prominent at the higher F0. 

To derive pitch estimates from pooled interval distributions, we used “periodic 
templates” that select intervals at a given period and its multiples (middle panels of 
Fig. 7).  Specifically, the salience of a periodic template is defined as the ratio of 
the weighted mean number of intervals within the template to the mean number of 
intervals per bin.  A pitch estimate is obtained by finding the template whose fun-
damental period maximizes the salience.  Templates with exponentially-decaying 
weights were found to give fewer octave and suboctave errors than flat templates.  
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The bottom panels of Fig. 7 show the template salience as a function of template 
F0 for the same two stimuli as on top.  For both stimuli, the salience reaches an 
absolute maximum when the template F0 is very close to the actual stimulus F0.  
However, the maximum salience is larger for the lower F0. 

Figure 8 shows measures of the accu-
racy, precision and strength of the inter-
val-based pitch estimates as a function of 
F0.  The estimates are very accurate be-
low 1300 Hz, where their medians are 
within 1-2% of the true F0.  The bootstrap 
interquartile ranges of the estimates are 
also below 1-2% for F0s up to 1600 Hz.  
However, the interval-based estimates of 
pitch abruptly break down above 1300 Hz 
due to the degradation of phase locking at 
harmonic frequencies near the CF.  Since 
the stimuli have missing fundamentals, 
the lowest harmonic actually present is 
always above 2600 Hz, in a range where 
the degradation of phase locking is al-
ready substantial (Johnson, 1980). 

The salience of the estimated pitch is 
highest below 400 Hz, then decreases 
gradually with increasing F0, to reach 
essentially zero at 1300 Hz.  Thus, the 
salience of interval-based estimates of pitch is highest in the F0 range where rate-
based pitch estimates are the least reliable due to the lack of strongly resolved har-
monics.  Conversely, the salience of rate-based estimates of pitch is highest above 
2000 Hz, where the interval-based estimates break down.   

5 Conclusions 

We examined two possible representations of the pitch of complex tones with a 
missing fundamental in the cat auditory nerve for low and moderate sound levels. 
1. A rate-place representation based on resolved harmonics was found to be viable 

for fundamental frequencies above 400 Hz. 
2. Fundamental frequencies up to 1300 Hz were precisely represented in pooled 

interspike-interval distributions of the entire auditory nerve. 
3. In the 400-1300 Hz range where both representations overlap, estimated pitch 

salience varies in opposite directions with F0 for the two representations. 

 The range of F0 over which the rate-place representation is viable in the cat 
does not include the 100-300 Hz region which is the most important for human 
voice.  This failure may reflect the poorer frequency selectivity of the cat cochlea 
compared to the human (Shera et al., 2002).  On the other hand, the frequency range 

Fig. 8. Median pitch estimation error, 
interquartile range of the estimates and 
pitch salience as a function of F0. 
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of rate-based pitch estimates does include the F0 range of most cat vocalizations, 
which is centered around 600 Hz.  An interesting question is whether this relation-
ship between frequency ranges of vocalizations and resolved harmonics would hold 
in other species.  
 The range of F0s over which interval-based estimates of pitch are reliable in the 
cat roughly covers the entire perceptual range of the missing fundamental in hu-
mans (Moore, 1997).  However, the salience of these estimates is strongest below 
400 Hz, where individual harmonics are not strongly resolved in the cat.  Thus, 
interval-based models of pitch may have trouble predicting the greater salience of 
pitch based on resolved harmonics compared to that based on unresolved harmonics 
(Shackleton & Carlyon, 1994). 

In conclusion, neither representation of pitch is entirely satisfactory: the rate-
place representation degrades at high sound levels and low frequencies, while the 
interval representation may have trouble accounting for the salience of pitch from 
resolved harmonics.  This conclusion suggests a search for alternative neural codes 
for pitch such as those based on spatio-temporal patterns of discharge that would  
not rely on long interspike intervals (e.g. Shamma and Klein, 2000). 
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