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Abstract (247 words) 

Although pitch is closely related to periodicity in the time domain, stimuli with a degree of temporal 

irregularity can evoke a pitch sensation in human listeners. However, the neural mechanisms underlying 

pitch perception for irregular sounds are poorly understood. Here, we recorded responses of single units 

in the inferior colliculus (IC) of normal hearing (NH) rabbits to acoustic pulse trains with different 

amounts of random jitter in the inter-pulse intervals and compared with responses to electric pulse 

trains delivered through a cochlear implant (CI) in a different group of rabbits. In both NH and CI 

animals, many IC neurons demonstrated tuning of firing rate to the average pulse rate (APR) that was 

robust against temporal jitter, although jitter increased the firing rates for APRs ≥ 1280 Hz. Strength and 

limiting frequency of spike synchronization to stimulus pulses were also comparable between periodic 

and irregular pulse trains, although there was a slight increase in synchronization at high APRs with CI 

stimulation. There were clear differences between CI and NH animals in both the range of APRs over 

which firing rate tuning was observed and the prevalence of synchronized responses. These results 

suggest that the pitches of regular and irregular pulse trains are coded differently by IC neurons 

depending on the APR, the degree of irregularity and the mode of stimulation. In particular, the 

temporal pitch produced by periodic pulse trains lacking spectral cues may be based on a rate code 

rather than a temporal code at higher APRs.  
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INTRODUCTION (990 words)  

Many natural sounds such as human voice, animal vocalizations and the sounds of musical 

instruments contain segments in which the acoustic waveform is periodic and the frequency spectrum is 

harmonic, giving rise to a strong pitch percept at the fundamental frequency. However, strict periodicity 

is rare in nature; for example, the fundamental frequency of voice fluctuates appreciably even in healthy 

individuals (Lieberman, 1963; Brockmann et al., 2011). Sounds with a degree of irregularity in their 

temporal waveforms and inharmonicity in their spectra can still evoke a pitch percept. Examples include 

iterated ripple noise (Yost, 1996) and pulse trains with irregular intervals or “jitter” (Rosenberg, 1966; 

Pollack, 1968a; Tsuzaki and Patterson, 1998; Yost et al., 2005; Phillips et al., 2012). A constant-

amplitude, isochronous pulse train (called “periodic” in short) evokes a strong pitch if the pulse rate lies 

in the 30-5000 pps range (Flanagan and Guttman, 1960; Krumbholz et al., 2000). When random jitter is 

imposed on the inter-pulse intervals (IPIs), the resulting irregular pulse train evokes a weaker pitch 

matched to its average pulse rate (APR), and the pitch strength deteriorates with increasing amount of 

jitter (Rosenberg, 1966; Pollack, 1968a; Yost et al., 2005). Listeners can also detect the presence of jitter 

and discriminate the amount of jitter, and their performance in jitter discrimination also degrades with 

increasing amount of jitter in the reference pulse train (Pollack, 1968b). Because the strength of the 

pitch percept evoked by pulse train stimuli varies systematically with the amount of jitter, jittered pulse 

trains provide an opportunity for probing the neural mechanisms of pitch perception. Moreover, 

temporally jittered speech has been used to simulate the speech reception deficits of older listeners in 

young, normal-hearing listeners (Pichora-Fuller et al., 2007).  

Very few studies have investigated the coding of irregular pulse trains by auditory neurons in 

normal-hearing (NH) animals. Burkard and Palmer (1997) measured the responses of ventral cochlear 

nucleus neurons in anesthetized guinea pigs to pulse trains formed of maximal length sequences (MLS), 

which have irregular IPIs. They observed similar firing rates for MLS pulse trains and for periodic pulse 

trains with the same APR. Responses to jittered pulse trains have been measured from the core auditory 

cortex of awake marmosets (Bendor and Wang, 2010; Bendor et al., 2012). Moderate amounts of jitter 

(≤50% of average IPI) produced minimal changes in the firing rates of most cortical neurons (Bendor and 

Wang, 2010). Although neurons in the inferior colliculus (IC) often demonstrate rate tuning and 

temporal synchronization to the repetition rate of periodic pulse trains (Zheng and Escabi, 2008, 2013; 

Schnupp et al., 2015), almost nothing is known about the effect of temporal jitter on rate tuning to APR 

and temporal synchronization in the IC of NH animals, except for limited data from a small sample of 

neurons from one anesthetized cat (Goupell et al., 2010). Continuing our recent studies of the neural 

coding of pitch in the auditory midbrain of unanesthetized rabbits (Su and Delgutte, 2019, 2020), this 

paper describes responses of IC neurons to pulse trains with various amounts of jitter over a wide range 

of APRs.  

Jitter is also interesting for cochlear implants (CI) because introducing binaurally coherent jitter can 

improve the discrimination of interaural time differences (ITD) in high-rate pulse trains by CI users 

(Laback and Majdak, 2008).  Whereas ITD discrimination for periodic pulse trains deteriorates rapidly 

above ~300 pps (Laback et al., 2015), the bilateral CI subjects of Laback and Majdak (2008) could still 

discriminate ITDs of jittered pulse trains better than chance for APRs as high as 1500 pps. Jittered and 

other types of probabilistic pulse trains have also been used in CI studies in an attempt to improve rate 

pitch discrimination by better mimicking the stochastic firings of auditory-nerve (AN) fibers that occur in 

normal hearing (Dobie and Dillier, 1985; Chen et al., 2005) but these efforts have been largely 
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unsuccessful. Gaudrain et al. (2017) compared performance in jitter detection and rate pitch 

discrimination for periodic pulse trains in the same CI subjects and found the pattern of dependence of 

performance on pulse rate was similar for both tasks.  

A neural correlate of the jitter effect on perceptual ITD discrimination reported by Laback and 

Majdak (2008) was identified by Hancock et al. (2012). They found that introducing jitter increased the 

firing rates and improved ITD sensitivity for electric pulse trains with high APRs in about half of IC 

neurons from deaf cats with bilateral CIs. They further showed that the additional spikes in response to 

high-rate jittered stimuli were triggered by the occurrence of short IPIs in the jittered pulse train. The 

study of Hancock et al. (2012) was conducted in anesthetized animals. More recent work (Chung et al., 

2014; Chung et al., 2016) has shown that temporal coding and ITD sensitivity of IC neurons for periodic 

electric pulse trains delivered through CIs extend up to higher frequencies in unanesthetized rabbits 

compared to data from anesthetized preparations, suggesting the effects of jitter might also be different 

in unanesthetized animals. 

In this paper, we characterize the responses of IC neurons in unanesthetized, NH rabbits to pulse 

train stimuli with different amounts of temporal jitter over a wide range of APRs, and compare these 

responses to those recorded from cochlear-implanted rabbits. The focus is on the effect of jitter on the 

tuning of firing rate to the APR (rate coding) and the synchronization of spike responses to individual 

stimulus pulses (temporal coding). For NH animals, we also describe how the APR and the amount of 

jitter are coded in the interspike intervals of IC neurons. We find that, while jitter can affect rate tuning 

to APR and temporal synchronization in both NH and CI animals, these effects of jitter are small 

compared to clear differences in synchronization limits and types of rate tuning to APR between the two 

preparations. The results shed light on the neural mechanisms for pitch perception of regular and 

irregular pulse trains in acoustic and electric hearing. 

METHODS 

We recorded single-unit responses to acoustic pulse train stimuli with various amounts of jitter from 

87 IC neurons in three female Dutch-belted rabbits with normal hearing. Except for the choice of stimuli, 

the experimental procedures were the same as in recent papers describing the coding of harmonic 

complex tones by IC neurons (Su and Delgutte, 2019, 2020). In addition, we report responses to periodic 

and jittered electric pulse trains from 72 IC neurons in two female Dutch-belted rabbits that were 

deafened and implanted unilaterally with an intracochlear electrode array using the procedures of 

Chung et al. (2014). All procedures were approved by the Animal Care Committee of Massachusetts Eye 

& Ear. We describe the procedures for the NH rabbits first, then how they differed in the CI case. 

Surgical and electrophysiological procedures for normal-hearing rabbits 

Each rabbit underwent two aseptic surgeries before the first electrophysiological recording session: 

implantation of a cylinder and brass head bar to hold the animal during recording sessions, and a small 

craniotomy (2-3 mm diameter) to allow access to the IC. Both surgeries were performed under 

anesthesia (initial dose: xylazine, 6 mg/kg and ketamine, 35-44 mg/kg, with boosters as needed to 

maintain areflexia). After a one week recovery period following the first surgery, the rabbit was trained 

to sit still in the experimental apparatus with head attached for 8-10 days before the craniotomy surgery 

was performed. Single-unit recording sessions began 3 days after the craniotomy.  
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During the recording sessions, the rabbit was placed in in a double-walled, electrically shielded and 

sound-proof chamber, and then strapped in a spandex sleeve with its head clamped via the head bar. 

Each recording session lasted 1.5-2.5 h. The animal was monitored via a closed-circuit video throughout 

the session, and the recording session was terminated if the animal showed any sign of distress or 

moved excessively. 

Single-unit recordings were made with either polyimide-insulated platinum-iridium linear 

microelectrode arrays (MicroProbes) or epoxy-insulated tungsten electrodes (A-M Systems). The IC was 

identified by audio-visual cues of entrainment to a 200-ms broadband noise burst presented diotically at 

60 dB SPL. Spike times were detected by crossing of a manually-set voltage threshold. Single unit 

isolation was assessed based on the stable shape and amplitude of the spike waveform and the absence 

of interspike intervals < 1 ms. Once a unit was isolated, its pure-tone frequency selectivity was 

characterized as described by Su and Delgutte (2019, 2020), after which it was studied with jittered 

pulse trains and sometimes with harmonic complex tones.  

Jittered pulse trains 

Trains of 50-μs wide, unipolar (condensation) rectangular pulses with varying average pulse rate 

(APR) and amount of jitter in the inter-pulse intervals (IPI) were generated in MATBAB at a 100 kHz 

sampling rate. A pulse train with an APR equal to f pulse per second (pps) and with jitter of j% was 

generated by independently and randomly drawing each IPI from a uniform distribution over the range 

[1-j%, 1+j%]/f. A fixed range of APRs was used for all neurons (20-2560 Hz in approximate ½ octave 

steps), the same as the range of fundamental frequencies (F0) of harmonic complex tones (HCTs) used 

by Su and Delgutte (2019). Various amounts of jitter (0% (periodic), 10%, 20%, 30% and 90%) were used, 

although not all neurons were tested with all jitter amounts. Pulse trains (duration 300 ms) were 

generated ahead of time and the same pattern of jitter was used in all the neurons and for all 

repetitions at each APR. The pulse train stimuli were converted to analog signals (24 bits) and presented 

diotically at an overall sound level of 65 dB SPL through calibrated acoustic assemblies. We used a 

constant SPL rather than a constant peak amplitude across APRs for consistency with our earlier results 

for harmonic complex tones (Su and Delgutte, 2019), where the SPL was held constant across F0s. Pulse 

trains with different APRs and amounts of jitter were randomly interleaved and presented 10 times each 

with a 300-ms silent interval between each stimulus.  

Figure 1 shows temporal waveforms, autocorrelations, and power spectra of the stimulus pulse 

trains with an APR of 448 pps for five jitter amounts. In the periodic case (0%, top row), the 

autocorrelation is periodic at 1/APR and the power spectrum is harmonic, with peaks of approximately 

equal amplitude at integer multiples of the APR over the frequency range shown. At higher frequencies, 

the harmonic amplitudes decay to reach zero at 20 kHz, consistent with the 50 µs pulse width. With 

increasing amount of jitter, the waveform becomes increasingly irregular, and the peaks in the 

autocorrelation become broader and their amplitudes decay increasingly rapidly with increasing lag. 

While the “first peak” in the autocorrelation at 1/APR remains distinguishable for up to 30% jitter, it is 

completely lacking for 90% jitter. Changes in the power spectrum with increasing amount of jitter closely 

parallel those in the autocorrelation. Specifically, harmonic peaks at integer multiples of the APR 

become increasingly restricted to low frequencies with increasing jitter. A peak at the APR is still clearly 

apparent for 30% jitter, but not for 90% jitter.  These changes in the autocorrelation and power 

spectrum with increasing jitter are associated with perceptual changes. Specifically pitch strength 
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decreases and APR discrimination thresholds increase with increasing amount of jitter in both NH 

(Pollack, 1968a; Phillips et al., 2012) and CI (Bahmer and Baumann, 2014) listeners. Jitter discrimination 

thresholds (indicating the ability to detect a change in the amount of jitter) also increase with increasing 

jitter in the reference stimulus in NH subjects (Pollack, 1968b). 

Surgical and electrophysiological procedures for animals with cochlear implants 

The two CI rabbits underwent an additional surgical procedure for deafening and implantation between 

the surgery for head bar implantation and the craniotomy for IC access, as described by Chung et al. 

(2014). During this additional procedure, the rabbits were implanted with an eight-contact animal intra-

cochlear electrode array (Cochlear Ltd. Z60274) inserted through the enlarged round-window in one ear. 

Before inserting the electrode array, 5–10 μl of distilled water was injected into the cochlea through the 

round window to deafen the ear by causing hypotonic stress to the organ of Corti (Chung et al., 2014; 

Chung et al., 2019). A percutaneous connector for the implanted array was fixed to the side of the 

stainless-steel cylinder. Success of cochlear implantation was verified shortly after surgery by measuring 

the electrically evoked auditory brainstem response (EABR) to biphasic pulses.  

      Single-unit recordings were made from the IC contralateral to the implanted ear. Electric stimulation 

was delivered bipolarly between the most apical and most basal electrodes in the array to achieve broad 

activation across the tonotopic axis. The stimulus artifact was removed by gating out a short interval 

(0.3-0.5 ms) following each stimulus pulse. Upon isolating a single unit, the electric threshold was 

determined by measuring responses to a pair of pulses separated by 100 ms, with increasing current 

level in 1-2 dB steps. Then responses to periodic and jittered pulse trains were measured. 

We used 300-ms trains of biphasic electric pulses (50 µs/phase) with either 0% (periodic) or 90% 

jitter, and with APRs ranging from 20 to 1280 pps in approximate ½ octave steps.  Unlike the 

experiments in NH animals, the periodic pulse trains were always presented first, followed by the 90%-

jitter stimuli. For each jitter amount, pulse trains with different APRs were presented in random order at 

2–4 dB above the single-pulse threshold, and each APR was repeated 20 times.  Keeping a constant peak 

current amplitude across APRs implies that the root-mean-square (r.m.s) current increases with APR. 

This was done both for consistency with earlier CI studies and because, given the limited dynamic range 

of neurons with CI stimulation, keeping a constant r.m.s amplitude would result in subthreshold 

responses at high APRs. In some neurons, stimuli were presented at more than one current level. All 

other procedures for electrophysiological recordings were same as in the NH animals.  

Data analysis 

Rate tuning to APR 

To characterize the tuning of a neuron’s firing rate to the APR of jittered stimuli, the firing rate was 

averaged across stimulus trials and over the stimulus duration (excluding the 10 ms onset response) for 

each stimulus condition and then plotted as a function of APR for each amount of jitter. We call this a 

“rate-APR profile”, or rate profile in short. We also computed the background firing rate over the last 

200 ms of the 300 ms silent interval between stimuli. The “driven rate” is the difference between the 

mean firing rate during the stimulus and the mean background firing rate during the subsequent silent 

interval. 

The shapes of the rate-APR profiles for pulse train stimuli were classified using the same scheme as 

used by Su and Delgutte (2019) for rate-F0 profiles in response to HCTs. Specifically, rate profiles were 
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classified into 6 different shapes: bandpass (BP), band-reject (BR), highpass (HP), lowpass (LP), allpass 

(AP), and complex (CPLX). To implement the classification, local maxima (peaks) and minima (troughs) in 

the rate profiles were identified using the MATLAB functions islocalmax and islocalmin, respectively, 

with a minimum prominence of 33% of the absolute maximum. The prominence of a peak measures 

how it stands out with respect to depth and location relative to other peaks (see 

https://www.mathworks.com/help/matlab/ref/islocalmax.html). Profiles with a single prominent peak 

were classified as BP, while profiles with a single trough were classified as BR. Profiles with multiple 

peaks or troughs were classified as CPLX. Profiles with no prominent peak or trough were further 

separated into AP, LP or HP based on the relative values and locations of the absolute maxima and 

minima in firing rate. If the absolute minimum was greater than 67% of the absolute maximum, the 

profile was classified as AP. Otherwise the neuron was classified as LP (resp. HP) if the absolute 

minimum occurred at a higher (resp. lower) APR than the absolute maximum. For profiles that had a 

prominent peak or trough (BP, BR and some CPLX), the “best APR” was defined as the APR of the most 

prominent peak or trough. The best APR was determined by parabolic interpolation around the 

measured maximum or minimum and the two adjacent data points. 

To gain insight the mechanisms that influence rate tuning to APR, we tested whether the firing rate 

in each stimulus condition was enhanced or suppressed relative to the background firing rate in the 

silent intervals between stimuli. We were especially interested in whether responses at the peaks and 

troughs in the rate-APR profiles were enhanced or suppressed to understand the mechanisms 

underlying rate tuning to APR. We compared the per-stimulus firing rate to the firing rate in the 

following silent interval for each stimulus trial and used a paired t-test to compare the two sets of firing 

rates. A response was considered enhanced if the mean rate difference was significantly positive 

(p<0.05) by a one-sided t-test, and suppressed if the mean rate difference was significantly negative. 

Note that a response may be neither enhanced not suppressed if the t-statistic lies between the two 

critical values.  

To compare the rate-APR profiles for periodic and jittered pulse trains without reference to any 

classification scheme, we computed the Pearson product-moment correlation between the rate profile 

for each jitter amount and the profile for 0% jitter. Because of neural noise, the Pearson correlation will 

be smaller than one even when comparing repeated measurements using the same set of stimuli. We 

estimated the expected value of the correlation due to neural noise in the 0% jitter condition by 

correlating two simulated rate profiles obtained by bootstrap resampling of the firing rates on each 

stimulus trial. 

To quantify how jitter affects the strength of rate coding of the APR, we used the signal-to-total 

variance ratio (STVR) of the firing rates (Hancock et al., 2010; Hancock et al., 2012). The STVR is an 

ANOVA-based metric derived from the firing rates on each stimulus trial that represents the ratio of the 

variance in firing rates attributable to variations in APR to the total variance, including variability across 

repeated presentations of the same stimulus. The STVR ranges from 0, meaning the firing rate does not 

depend on APR, to 1, meaning perfectly reliable coding of APR. 

Quantification of jitter effect on firing rates 

To quantify how jitter alters the firing rates to pulse trains relative to the periodic case, we defined a 

normalized jitter effect that measures the difference in firing rate between jittered and periodic stimuli 

https://www.mathworks.com/help/matlab/ref/islocalmax.html
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in units of standard deviation, much like the discriminability index d’ used in psychophysics. Specifically, 

the jitter effect JE(f) for a given neuron at a particular APR f and jitter amount j is defined as: 

𝐽𝐸(𝑓) =
�̅�𝑗 (𝑓)−�̅�0(𝑓)

√𝜎𝑗
2(𝑓)+𝜎0

2(𝑓)
, (1) 

where �̅�𝑗 and �̅�0 represent the mean firing rates for j% and 0% jitter, respectively, and 𝜎𝑗 and 𝜎0 are the 

standard deviations of the firing rate across stimulus trials for j% and 0% jitter. 𝐽𝐸(𝑓) multiplied by the 

square root of the number of stimulus trials (usually 10 for NH experiments, 20 for CI) is the Student t 

statistic for testing differences in mean firing rates between jittered and periodic stimuli.  

We also defined an overall jitter effect (OJE) for each neuron by averaging JE(f) across all APRs. 

Because of neural noise, OJE will differ somewhat from zero even when comparing two repeated 

measurements of responses to the same set of stimuli. To estimate the expected distribution of OJE due 

to neural noise for 0% jitter, we computed an OJE from a pair of simulated measurements obtained by 

bootstrap resampling of the firing rates across stimulus trials. 

Neural synchronization to pulse trains 

Because the jittered stimuli are aperiodic, we cannot use the vector strength (Goldberg and Brown, 

1969) to quantity the synchronization of the spike train to the stimulus. Therefore, we quantified the 

strength of “pulse-locking” by cross-correlating the stimulus pulse train with the neural spike train, as 

described previously for responses to electric pulse trains (Hancock et al., 2012; Chung et al., 2014).  

Briefly, the intervals between each stimulus pulse and subsequent neural spikes up to a maximum 

delay of 25 ms were binned (0.1 ms bin width) into a crosscorrelation histogram. If the neural response 

were perfectly pulse-locked, the correlogram would show a single non-zero bin at the response latency 

(and in the periodic case also at the latency plus integer multiples of the IPI). At the other extreme, with 

a completely unsynchronized response, the correlogram would be flat. 

Statistical significance of each correlogram peak was assessed by estimating the 99.5th percentile 

(p=0.005) of 5000 simulated correlograms constructed with random (Poisson) spike trains uniformly 

distributed over the stimulus duration and containing the same number of spikes as the data. In 

constructing random spike trains for CI experiments, spikes could not occur during the gating windows 

used for eliminating the stimulus artifact. A peak at a particular time bin in the correlogram was 

considered significant if the average count between this bin and the next bin exceeded the 99.5% 

confidence interval. The height of the largest correlogram peak near the response latency was used to 

quantify the strength of pulse locking. Because the significance threshold varies with the number of 

spikes and the APR, the correlogram peak heights were normalized (divided) by the 99.5% threshold. 

The upper frequency limit of pulse locking was found by linearly interpolating the profile of normalized 

correlogram peak height against APR to find the intercept with the 99.5% significance threshold (See 

Figure 5C for example). 

Quantification of neural response periodicity 

We used the shuffled autocorrelation (SAC) of the spike train (Joris et al., 2006) to characterize the 

degree of periodicity of the neural response for each neuron and each stimulus condition. The SAC is 

obtained by binning the intervals between spikes from different trials of the same stimulus. The SAC was 

computed with a bin width of 0.1 ms and then was smoothed by filtering with a Hann function (a.k.a. 

raised cosine or sin2) with a width equal to ¼ of the APR period. The smoothed SAC was then made 
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symmetric around zero lag by summing values for positive and corresponding negative lags. When 

spikes are pulse locked to a periodic stimulus, the SAC is nearly periodic, with peaks at integer multiples 

of 1/APR, just like the stimulus autocorrelation in Figure 1. This periodicity degrades with increasing 

amount of jitter, in that the heights of subsequent peaks decrease increasingly fast with increasing lag. 

Therefore, we used the ratio of the height of the “first” SAC peak near the APR period (between 0.5/APR 

and 1.5/APR) to the height of the center peak at zero lag as a measure of periodicity strength in the 

temporal firing patterns. We call this ratio “SAC periodicity strength.” Peak heights used in this 

computation were measured after subtracting out the expected value of the SAC for a randomly 

distributed (Poisson) spike train containing the same number of spikes as the data. In addition, the SAC 

peak locations tended to increasingly deviate from the expected integer multiples of the APR period 

with increasing jitter amount. We call “APR estimation error” the percent deviation between the inverse 

of the lag of the first SAC peak and the actual APR.  

The SAC analysis was only performed for responses that were synchronized to the pulse train 

stimulus, as determined from the crosscorrelograms. In addition, SAC results were only included in 

statistical analyses for neurons that were tested for at least four jitter amounts and when pulse locking 

was significant for at least two jitter amounts at a given APR. Since data from implanted animals were 

only available for 0% and 90% jitter, the SAC analysis was only performed for data from NH animals. 

Statistical methods 

Whenever possible, we used nonparametric tests to compare response metrics between stimulus 

conditions or animal groups (NH vs. CI). Specifically we used signed rank tests to compare two 

measurements from the same neuronal sample, Wilcoxon rank-sum tests to compare two 

measurements from different samples, Friedman tests to compare multiple measurements from the 

same sample, and Kruskal-Wallis ANOVA to compare multiple measurements from independent 

samples. Chi-square tests were used for categorical data. However, we used parametric two-way 

ANOVAs to test for the effects of both APR and jitter on various response metrics due to the lack of 

widely available nonparametric tests for this purpose. When appropriate, a monotonic transformation 

was applied to the data prior to running the ANOVA to homogenize the variance across conditions. 

Specifically, we used an arc-sine transform for percentages and the STVR (which is bounded between 0 

and 1), and a power function with an exponent of 1/3 for the pulse locking strength (the normalized 

crosscorrelogram peak height) because this transform was found empirically to homogenize the 

variance. When reporting the results of paired comparisons posterior to an ANOVA, all p-values are 

given with either Bonferroni or Tukey-Kramer corrections for multiple comparisons. All statistical 

analyses were performed using the MATLAB statistics and machine learning toolbox (Matlab version 

9.4.0.813654 (R2018a), Toolbox version 11.3). 

RESULTS 

We measured single-unit responses to periodic and temporally jittered pulse train stimuli in 87 IC 

neurons from NH rabbits and 72 neurons from rabbits with CIs. All these neurons were tested with 0% 

(periodic) and 90% jitter. Additionally, 80 neurons from NH animals were tested with 10% jitter, 40 

neurons with 20% jitter and 63 neurons with 30% jitter. 48 of the neurons from NH rabbits were also 

tested with harmonic complex tones (HCT) with equal-amplitude harmonics, as reported by Su and 

Delgutte (2019, 2020). Characteristic frequencies (CFs) of the neurons from NH animals ranged from 0.4 

to 18.1 kHz, with a median of 4.3 kHz. CFs of the neurons from implanted animals could not be 
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determined because the contralateral (implanted) ear was deafened. We first describe responses to 

periodic and jittered pulse trains in NH animals, then compare with results from implanted animals. 

Rate tuning to APR in normal-hearing animals 

We previously showed that many IC neurons in NH animals exhibit bandpass rate tuning to the 

envelope repetition rate of HCTs that have a strong envelope modulation, such as HCTs with all 

harmonics in cosine phase (Su and Delgutte, 2019). By manipulating the phase relationships among the 

harmonics to dissociate envelope periodicity from waveform periodicity (F0), we ascertained that the 

neurons were tuned to the envelope repetition rate rather than F0. Because both the power spectrum 

and the temporal waveform of a periodic pulse train resemble those of an HCT with equal-amplitude 

harmonics in cosine phase (COS HCT) with the same repetition rate (F0), we expected that the responses 

to the two stimuli would also be similar. Figure 2A shows the firing rates of Neuron A (CF=400 Hz) as a 

function of APR for periodic and jittered pulse trains, along with the response to COS HCT. The rate 

profile for the periodic pulse train is almost identical to that for the COS HCT, and both show bandpass 

rate tuning with a best repetition rate of 224 Hz. As the amount of temporal jitter increased, the rate 

profiles were almost unchanged for 10% and 30% jitter. For 90% jitter, the rate profile maintained a 

bandpass shape, but the best APR shifted up to 320 pps and the firing rates increased substantially 

above this APR. Therefore, this neuron demonstrated bandpass rate tuning not only to the envelope 

repetition rate of periodic stimuli but also to the average repetition rate (APR) of aperiodic stimuli. That 

the bandpass rate tuning is not dependent on periodicity is strong evidence that tuning is not related to 

cochlear frequency selectivity since the stimuli with 90% jitter have nearly flat spectra (Figure 1). 

The rate-APR profiles of Neuron B (Figure 2B, CF=2600 Hz) for both periodic pulse trains and COS 

HCT had a prominent trough centered at 80-160 Hz that resulted from suppression of the firing rate well 

below the background activity (dashed line). After recovering to above the background activity at ~640 

Hz, the firing rate decreased somewhat at higher repetition rates. Despite this drop in firing rate, the 

rate profile was still classified as band-reject (BR) because the drop was not prominent enough. The rate 

profiles for 10%, 20% and 30% jitter hardly deviated from the periodic case but, at 90% jitter, the trough 

frequency shifted up to 224 pps, and the firing rate at high APRs was decreased relative to the periodic 

case, indicating that the suppression underlying the trough was even stronger with 90% jitter.  

In contrast to Neurons A and B, the rate-APR profiles of Neuron C (CF = 5300 Hz) demonstrated 

dramatic variations across different amounts of jitter (Figure 2C). While all the profiles for pulse train 

stimuli had a high-pass shape and showed prominent suppression below background activity at low 

APRs, the firing rates decreased monotonically with increasing jitter amount for APRs above 320 pps. 

Responses to COS HCT stimuli showed prominent peaks for F0s of 5300, 2650, 1767, and 1325 Hz. These 

peaks occurred when the F0 was a small integer submultiple of the CF, so that a low-order harmonic 

aligned with the neuron’s CF. As shown previously (Su and Delgutte, 2020), this pattern is the hallmark 

of rate-place coding of harmonics that are individually resolved by cochlear frequency selectivity. Such 

evidence for resolved harmonics was not apparent for the pulse train stimuli in Neuron C. This is 

expected for the stimuli with 90% jitter because their power spectra have no peaks at harmonics of the 

APR (Figure 1), but rate-place coding of resolved harmonics should be present at least for the periodic 

pulse train. Most likely, the reason peaks at harmonics are not apparent for Neuron C with periodic 

pulse trains is that the sampling of APRs was too coarse to reveal the troughs between peaks at 

Harmonics 2, 3 and 4. Indeed, revealing rate-place coding of resolved harmonics for COS HCT required 

selecting F0s with fine spacing in the expected region of resolved harmonics (Su and Delgutte, 2020). By 

comparing responses to pulse trains with responses to HCT stimuli, we found 6 neurons for which peaks 
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in firing rates for the periodic pulse train were likely due to resolved harmonics of the repetition rate 

(i.e. F0). Such rate-place coding neurons were excluded from the following analyses of rate tuning to 

APR but were included for the characterization of temporal coding. 

Rate-APR profiles in response to pulse trains demonstrated a variety of tuning shapes (Figure 3A). 

For periodic pulse trains, the most common shapes were bandpass (BP, 32%) followed by highpass (HP, 

28%), complex (CPLX, 25%) and band-reject (BR, 7%). Most CPLX profiles showed either one prominent 

trough at low APRs and one peak at higher APRs (11% of total) or the opposite pattern with a low-APR 

peak and a higher-APR trough (also 11%). CPLX profiles with multiple peaks or multiple troughs were 

rate (4%). The proportion of bandpass tuned neurons for periodic pulse trains was similar to the 

proportion observed for COS HCT (40%) by Su and Delgutte (2019) using the same classification scheme.  

Introducing jitter tended to increase the proportions of HP and BR shapes at the expense of BP and 

CPLX (Figure 3A). With 90% jitter, the most common tuning shapes were HP (56%), followed by BR 

(16%), BP (13%) and CPLX (8%). A chi-square test applied to the 56 neurons that were tested for 0%, 

10%, 30% and 90% jitter (and excluding the rare AP shape) showed that the shape distributions differed 

significantly across jitter amounts (χ2=30.4, df=12, p=0.0024). However, excluding the data for 90% jitter 

made the test result insignificant (χ2=14.3, df=8, p=0.073). Thus, dramatic changes in tuning shapes 

relative to the periodic case only occurred for a large amount of jitter. It should be noted that, because 

the shape classification algorithm uses hard thresholds, even a small change in the prominence of a local 

maximum or minimum can turn a BP neuron into HP or CPLX.  

To further assess the effect of jitter on rate tuning to APR, we defined the “best APR” as the 

location of the most prominent peak or trough for rate profiles that had a prominent peak or trough (BP, 

BR and some CPLX). Among CPLX neurons, we only included neurons with one peak and one trough and 

chose the location of the most prominent extremum (peak or trough) as the best APR.  Figure 3B 

compares the best APRs for periodic and jittered pulse trains across the neuronal sample. While the data 

include both peaks and troughs, only extrema of the same type (peak or trough) are compared. For the 

most part, data points for all jitter amounts tended to stay close to the equality line, suggesting that 

introducing jitter did not greatly alter the best APR for tuned neurons. Indeed, best APRs for each 

amount of jitter were significantly correlated with those for 0% jitter (Kendall’s tau, see Table 1 for tau 

and p-values). Separate signed rank tests comparing the logarithms of the best APRs for each amount of 

jitter to the logarithm of the best APR for 0% jitter found no significant differences for 10%, 20% and 

30% jitter (see Table 1). The p-value for 90% jitter (0.0125) just met the Bonferroni-corrected 

significance criterion for 4 comparisons (p=0.0125). On average, the best APR for 90% jitter was 0.47 

octave higher than the best APR for 0% jitter from the same neuron. Such upward shifts in best APR for 

90% jitter are apparent for both the BP neuron of Figure 2A and the BR neuron of Figure 2B. 

Best APRs for periodic pulse trains ranged from 75 to 1670 pps (Table 4). The upper end of this 

range is limited by the maximum APR that was tested (2560 Hz) because a neuron classified as HP (and 

therefore lacking a best APR) might become BP if its firing rate decreased substantially beyond the 

highest frequency that was tested. This limitation may explain why some neurons with BP rate profiles 

for periodic pulse trains became HP for stimuli with 90% jitter because jitter tended to increase firing 

rates at high APRs (Figure 4). 

To gain insight into the neural mechanisms that shape rate tuning to APR, we tested whether the 

firing rate at a minimum in the rate-APR profile was significantly suppressed or enhanced relative to the 

background firing rate during the silent intervals between stimuli (see Methods for the definition of 
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enhanced and suppressed responses). For rate-APR profiles that had a single prominent trough (BR and 

some CPLX), we used the firing rate at the trough minimum. For LP, HP and BP rate profiles, we used the 

absolute minimum in firing rate across all APRs. AP profiles and CPLX profiles with multiple troughs were 

not included in this analysis. A majority of rate profiles showed significant suppression at the minimum. 

The fraction of suppressed profiles ranged from 58% to 73% across jitter amounts and averaged 62% 

overall. In contrast, significantly enhanced responses at the minimum were rare (12% across all jitter 

amounts). There was no significant effect of jitter amount on the fraction of neurons exhibiting 

suppression or enhancement at the minimum (χ2=8.87, df=8, p=0.354). Similarly, we tested for rate 

enhancement or suppression at a maximum in the rate profile, which was either the peak for profiles 

with one prominent peak (BP and some CPLX) or the absolute maximum in firing rate for LP, HP and BR 

profiles. A large majority of rate profiles (82%) showed firing rate enhancement relative to background 

activity at the maximum and the fraction did not significantly depend on jitter amount (χ2=1.323, df=4, 

p=0.857). Thus, rate tuning to APR is created by a combination of suppression and enhancement relative 

to background activity in a majority of IC neurons, regardless of jitter amount. 

Two metrics were used to compare APR tuning for jittered and periodic stimuli without reference 

to any classification scheme. Two compare rate profile shapes, we computed the Pearson correlation 

coefficient between the rate profile for each amount of jitter and the rate profile for periodic pulse 

trains. Figure 3C shows the cumulative distribution of correlation coefficients across the neuronal 

sample for each jitter amount. The curve for 0% jitter is an estimate of the distribution that would be 

obtained by chance due to neural noise, which was obtained by bootstrap resampling of the single-trial 

firing rates for 0% jitter (see Methods). The distributions for 10%, 20% and 30% jitter were mostly 

limited to values near unity and close to the estimated distribution for neural noise. In contrast, the 

distribution for 90% jitter deviated markedly from the other distributions by extending to much lower 

correlation values. A Kruskal-Wallis test on the correlation values (excluding the data for 0% jitter) 

showed a significant effect of jitter amount (χ2=36.7, df=3, p<0.0001). Post-hoc paired comparisons with 

Tukey-Kramer corrections showed that the median correlation for 90% jitter was significantly lower than 

the median correlations for all other jitter amounts (90% vs. 10%: p<0.0001; 90% vs. 20%: p=0.0063; 

90% vs. 30%: p=0.0001). The other paired comparisons yielded non-significant results. 

To quantify the strength of rate coding of APR, we computed the STVR (the ratio of the variance in 

firing rates attributable to change in APR to the total variance in firing rates, see Methods) for each 

amount of jitter. Because this metric takes into account the variability in firing rates as well as their 

mean values, it captures the information contained in the rate profiles that is relevant for APR 

discrimination. Figure 3D compares STVR values for each amount of jitter against the STVR for 0% jitter 

across the neuronal sample. Most STVR value pairs were close to the equality line, indicating similar 

coding strength of APR for periodic and jittered pulse trains. There was nevertheless a tendency for 

STVRs for 90% jitter to lie below the equality line. A Friedman test on the STVRs for the 56 neurons that 

were tested with 0%, 10%, 30% and 90% jitter, with jitter amount as the treatment variable and neuron 

as the blocking variable found a significant effect of jitter amount (χ2=12.5, df=3, p=0.006). Post-hoc 

tests with Tukey-Kramer corrections showed that the median STVRs for 30% and 90% jitter were 

significantly lower than the median STVR for 0% jitter (p=0.034 and 0.007, respectively). No other paired 

comparisons yielded significant results.  Thus, moderate jitter (up to 20%) had little effect on the 

strength of neural coding of APR, but there was a small reduction in coding strength for 30% and 90% 

jitter. The shapes of the STVR distributions did not significantly differ between 0% and any other jitter 

amount (Kolmogorov-Smirnov test, p-values in Table 2). 
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In summary, the effects of jitter on rate tuning to APR and rate coding of APR were modest for 

small amounts of jitter (up to 30%) but more pronounced for 90% jitter.  

Effect of jitter on firing rates in normal-hearing animals 

To further quantify the effect of jitter on firing rates for each neuron and each APR, we defined a 

jitter effect JE(f) which expresses the difference in firing rate between responses to jittered and periodic 

stimuli in units of standard deviation across stimulus trials (see Methods).  This normalized, 

dimensionless metric makes it possible to compare and average the jitter effects across neurons with 

different overall firing rates. Figure 4A shows the average JE(f) across all neurons as a function of APR for 

each jitter amount. There appear to be two APR regions where the average JE(f) is greater than zero, 

meaning that introducing jitter increased the firing rate over the rate for periodic stimuli. For jitter 

amounts of 20% and above, the mean firing rate was increased for APRs ≥ 1280 pps. In addition, for 90% 

jitter, there was another region of rate enhancement between 80 and 160 pps. To test whether these 

enhancements are reliable, we ran a two-way ANOVA on JE(f) after grouping the APRs into three ranges: 

(1) 80-160 pps, (2) 1280-2560 pps, and (3) other. We found significant main effects of both APR range 

(F(2,3251) = 84.3, p<0.0001) and jitter amount (F(3,3251) = 8.56, p<0.0001), and a significant interaction 

between jitter amount and APR range (F(6,3251)=4.1, p<0.0001). Post-hoc tests with Bonferroni 

corrections showed that the mean jitter effect in the 1280-2560 pps region was significantly greater 

than zero for all four jitter amounts (all p<0.05), while the mean jitter effect in the 80-160 pps region 

was only significant for 90% jitter. Thus, introducing jitter strongly enhanced the firing rates in response 

to pulse trains for APRs ≥ 1280 pps, while a rate enhancement was only observed in the 80-160 pps 

region for large amounts of jitter.  

For each neuron, we averaged JE(f) across all APRs to characterize the overall jitter effect (OJE) on 

firing rates. The OJE is sensitive to changes in overall firing rate, unlike the Pearson correlation in Figure 

3C which is only sensitive to changes in the shape of the rate profile. Figure 4B shows the cumulative 

distributions of OJE across the neuronal sample for all jitter amounts. The curve for 0% jitter is an 

estimate (using bootstrap) of the OJE distribution that would be observed by chance due to neural 

noise. There was a significant effect of jitter amount on the median OJE (χ2(2)=15.25, p=0.0005, 

Friedman test for the 56 neurons that were tested with 0%, 10%, 30% and 90% jitter, but excluding the 

bootstrap data for 0% jitter).  Post-hoc comparisons (Tukey-Kramer) showed that the median OJEs for 

30% and 90% jitter were significantly larger than the median OJE for 10% jitter (p=0.0005 and 0.017, 

respectively). More prominently, the OJE distributions broadened with increasing jitter amount and 

reached both positive and negative values of large magnitude for 90% jitter. These negative values (in 

over 30% of the neurons for 90% jitter) are strong evidence that the effect of jitter was by no means 

uniform across neurons. 

The across-neuron variability in OJE for 90% jitter was related to the shapes of rate-APR profiles. 

The OJE data were analyzed separately for neurons that had BP, HP and BR rate profiles for periodic 

pulse trains. There was a significant effect of profile shape on OJE (χ2(2)=11.94, p=0.003, Kruskal-Wallis 

test). Post-hoc paired comparisons (Tukey-Kramer) showed that the median OJE for BP neurons (0.323) 

was significantly larger (p=0.002) than the median OJE for HP neurons (‒0.268). BR neurons had more 

variable OJEs and their median OJE (0.084) did not significantly differ from those of BP or HP neurons. 

Notably, HP neurons tended to have negative OJEs, contrary to the overall trend in the neural sample. A 

possible interpretation is that neurons with HP rate profiles already have high firing rates at high APR for 

periodic pulse trains, leaving little opportunity for jitter to increase the firing rate. BP neurons, on the 
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other hand, have low firing rates at high APRs for periodic pulse train, so that introducing jitter can 

potentially strongly increase firing. 

In summary, the firing rates of IC neurons changed systematically from their values for periodic 

stimuli with increasing amount of jitter, especially for APRs ≥ 1280 pps. The across-neuron variability in 

these effects also increased with jitter amount and was related to the rate profile shape for the periodic 

case. These changes in firing rate would be informative in jitter detection and discrimination tasks. On 

the other hand, they would make APR discrimination more difficult, or at least more complicated, by 

requiring the neural decoder for APR to be dependent on the amount of jitter.  

Temporal synchronization to periodic and jittered pulse trains in normal-hearing animals 

To assess the synchronization of spikes to individual stimulus pulses (“pulse locking”) for both 

periodic and jittered stimuli, we used the crosscorrelation between the stimulus pulse train and the 

neural spike train (Hancock et al., 2010; Hancock et al., 2012) because traditional vector strength is 

inapplicable to aperiodic stimuli. We focused on comparing the cross-correlograms for 0% and 90% jitter 

because all the neurons were tested in these two conditions, and because the effect of jitter should be 

maximal in the 90% condition. Figure 5A and 5B show the cross-correlograms from Neuron A as a 

function of APR for pulse trains with 0% and 90% jitter, respectively. The grey lines represent 99.5% 

percentiles for correlograms generated from random spike trains. Significant correlogram peaks lying 

over this 99.5% threshold are highlighted in red. For 0% jitter, because the stimuli were periodic, 

multiple correlogram peaks were observed for APRs between 112 and 320 pps, but only the largest 

significant peak was highlighted. With 0% jitter (Figure 5A), the neuron showed significant pulse locking 

up to 320 pps, where the average firing rate also dropped markedly (Figure 2A). With 90% jitter (Figure 

5B), the neuron pulse locked over a similar range of APRs but still demonstrated significant pulse locking 

at 448 pps. The neuron’s firing rate was also higher for 90% jitter than for 0% jitter at high APRs (Figure 

2A). Figure 5C shows the “pulse-locking strength”, the correlogram peak height normalized by the 99.5th 

percentile criterion, as a function of APR for 0% and 90% jitter. Although the peak amplitudes were 

similar for 0% and 90% jitter up to 320 pps, the limiting pulse-locking frequency (defined as the APR 

where the curve crosses the confidence bound) was higher for 90% jitter (613 pps) than for 0% jitter 

(409 pps), suggesting an enhancement of pulse-locking at high APRs with temporal jitter in this neuron.  

Figure 6A shows the proportion of neurons that demonstrated significant pulse locking at each APR 

for 0% and 90% jitter across the neuronal sample (n=87). For both jitter conditions, the fractions of pulse 

locking neurons were modest, rarely exceeding 20% at any APR. Slightly more neurons pulse-locked to 

periodic pulse trains than to 90% jittered pulse trains for APRs up to 448 pps, but this trend was 

reversed above 448 pps. A two-way ANOVA on the arcsine transformed fractions found a significant 

effect of APR (F(11,11)=22.46, p<0.001), but no effect of jitter (F(1,11)=0.32, p=0.59).   

Figure 6B shows the average pulse-locking strength as a function of APR for the 36 neurons that 

demonstrated significant pulse-locking for at least two stimulus conditions (APR or jitter amount). For 

both jitter amounts, the pulse-locking strength was relatively high up to 112 pps, then rolled off at 

higher APRs. Although the average pulse-locking strength was higher for 90% jitter than for 0% jitter 

above 320 pps, the two curves were very close at lower APRs. A two-way ANOVA on pulse locking 

strength after applying a power transformation (exponent=1/3) to homogenize the variance across APRs 

showed a significant main effect of APR (F(11,840)=12.2, p<0.0001) but no effect of jitter (F(1,840)=1.59, 

p=0.207) and no interaction between jitter and APR (F(11,840)=0.28, p=0.99).  

Figure 6C compares the upper frequency limits of pulse locking with 0% and 90% jitter in neurons 

with significant synchronization for both conditions (n=31). The two limiting frequencies were strongly 
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correlated (Kendall’s τ=0.62, p<0.0001), and the median limits did not significantly differ between the 

two jitter amounts (signed rank test on the logarithm of the pulse locking limit, z=-1.203, p=0.229).  

The upper limits of synchronization for pulse train stimuli were about 0.8 octave lower on average 

than the limits of synchronization reported by Su and Delgutte (2019) for COS HCT (not shown). 

However, synchronization of spikes to the stimulus period for COS HCT was evaluated by vector 

strength, which has been shown to be less stringent than the crosscorrelation method used for pulse 

train stimuli (Chung et al., 2014). When the synchronization limits for periodic pulse trains was 

recomputed using the vector strength method, they became similar to those of Su and Delgutte (2019) 

for COS HCT (not shown).  

Figure 6D illustrates the relationship between rate and temporal coding of APR, specifically 

between the best APR and the pulse locking limit for neurons showing a prominent peak (BP, some 

CPLX) or trough (BR, some CPLX) in their rate-APR profiles. Data from 0% and 90% jitter amounts are 

combined. In about half of peak-type neurons, the pulse locking limit was higher than the best APR, 

meaning the spikes were synchronized to stimulus pulses when the neuron was stimulated at its best 

APR. The opposite pattern held in the other half of peak-type neurons and virtually all trough-type 

neurons, meaning the spikes were not synchronized to stimulus pulses when the pulse train was at the 

best APR. This latter pattern is similar to the “nonsynchronized rate code” for APR found in auditory 

cortex, although there are also differences (Bendor and Wang, 2010). Across the neuronal sample, there 

was no correlation between the best APR and the pulse locking limit (Kendall’s τ = 0.0947, p=0.586, 

n=20) and the median difference between the best APR and the pulse locking limit was not significant 

(signed rank test on logarithms of the data: p=0.526, z=0.6347). The division of neurons with peak-type 

rate profiles into synchronized and non-synchronized groups is reminiscent of the distinction between 

synchronized and non-synchronized neurons made by Su and Delgutte (2019) for IC responses to 

harmonic complex tones and this response heterogeneity suggests that bandpass rate tuning to 

envelope repetition rate or APR can be created by different neural mechanisms. 

In summary, the synchronization of IC neuron responses to individual pulses was not greatly 

affected by temporal jitter, although the higher firing rates of some neurons at high APRs for jittered 

stimuli compared to periodic pulse trains could lead to a higher synchrony limit in these neurons. 

Coding of periodicity in interspike interval distributions for normal-hearing animals 

The crosscorrelation analysis demonstrates that the spiking activity of IC neurons can be precisely 

synchronized to individual pulses in both periodic and jittered pulse trains, and that, for synchronized 

neurons, the stimulus periodicity (the APR) is represented by the presence of multiple peaks at regular 

intervals in the correlogram. However, computing a crosscorrelogram requires knowledge of the timing 

of the stimulus pulses, yet this information is not directly available to a central processor or decoder.   

Inspired by psychophysical findings that the pitch and pitch strength (or “salience”) of aperiodic stimuli 

such as iterated ripple noise is represented by the “first peak” (at non-zero lag) in the stimulus 

autocorrelation (Yost, 1996; Yost et al., 1996; Shofner and Chaney, 2013), we examined whether the 

pitch (the APR) and degree of periodicity of our jittered pulse trains might be represented in interspike-

interval distribution of synchronized IC neurons, which are equivalent to an autocorrelation (Licklider 

1951). Specifically, we used the shuffled autocorrelation (SAC), a data-efficient method for revealing 

regularities in temporal firing patterns of neurons (Joris et al., 2006). Unlike the crosscorrelation, the 

SAC does not require knowledge of the stimulus and is thus better suited for comparisons with 

psychophysical data. 
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Figure 7A shows the SACs of Neuron A as a function of jitter amount for two APRs (80 and 320 pps). 

In the periodic case (bottom), both SACs show a clear periodicity at the APR period (note the different 

time scales for the two APRs). With increasing amount of jitter, the amplitudes of the peaks on either 

side of the center peak at zero lag decay increasingly fast until, for 90% jitter, only the center peak 

remains. These changes in the SAC with increasing jitter parallel changes in the stimulus autocorrelation 

(Figure 1). We quantified the decay in SAC side peaks with increasing jitter by the “SAC periodicity 

strength”, the ratio of the amplitude of the “first peak” near the APR period to the amplitude of the 

peak at zero lag (see Methods). Figure 7B shows that the periodicity strength decays monotonically with 

increasing jitter for both APRs in this neuron, with a steeper decay at low jitter values. While the 

decrease in periodicity strength indicates poorer temporal coding of the APR with increasing jitter, it 

also implies that the amount of jitter is represented in the SAC.  

As the side peaks of the SAC decay in amplitude with increasing jitter, they also become broader 

and therefore, due to neural noise, less likely to occur exactly at multiples of the APR period. Figure 7D 

shows the “APR estimation error,” the percent deviation between the APR and the inverse of the 

location of the first SAC peak as a function of amount of jitter. In this example, the estimation errors 

were all negative (meaning the APR was underestimated) for both APRs and the error magnitudes 

tended to increase with increasing amount of jitter, reaching 20% for the 80-pps APR at 90% jitter. 

Figures 8A and 8B show the SAC periodicity strength against amount of jitter for all eligible neurons 

in our sample for APRs of 80 and 320 pps, respectively, as well as the average periodicity strength across 

neurons at each APR (thick black lines). To be included in one of these panels, a neuron had to show 

significant pulse locking (as determined from the crosscorrelation) for at least two jitter values at the 

corresponding APR. Despite some scatter in the data (some of which is due to the small number of 

neurons for 20% jitter) both the individual curves and the across-neuron averages tend to decay with 

increasing amount of jitter, indicating a degradation in temporal coding of the APR. Figure 8C shows the 

across-neuron average curves for all APRs ≤448 pps, along with the grand average across all neurons and 

APRs. The curves follow a similar decaying trend for all APRs. A two-way ANOVA on the periodicity 

strengths with APR and jitter amount as factors showed a highly significant effect of jitter amount 

(F(4,467)=108.93, p<0.0001) but no effect of APR (F(8,467)=1.14, p=0.376) and a significant interaction 

(F(32,467)=1.91, p=0.0024). Post-hoc paired comparisons with Tukey-Kramer corrections showed the 

following significant differences in periodicity strength: 0% vs. 20%, 30% and 90% jitter; 10% vs. 20%, 

30% and 90%; 20% and 30% vs. 90%. Also shown in Figure 8A-C are the periodicity strengths derived 

from the stimulus autocorrelations in the same way as the neural periodicity strengths (dashed red 

lines). For all APRs, the stimulus periodicity strengths decay monotonically with increasing jitter, but 

tend to be lower than in the neural data. This difference could be due to noise in the neural data, which 

would tend to exaggerate the SAC peak heights, or it could also reflect an enhancement of neural pulse 

locking via nonlinear processing. 

Figures 8D-F show the percent APR estimation errors as a function of amount of jitter using a 

similar format as in Figures 8A-C. The curves for individual neurons (colored lines in Figure 8D-E) behave 

somewhat erratically because this metric can take positive or negative values due to neural noise. 

However, the mean absolute values of the estimation errors across neurons (thick black lines) do 

increase with increasing jitter amount, indicating deviations from the APR of increasingly large 

magnitude at high jitter amounts. A two-way ANOVA on the absolute values of the APR estimation 

errors showed a highly significant effect of jitter amount (F(4,499)=82.58, p<0.0001) and a small effect 

of APR (F(8,499)=2.46, p=0.013). Post-hoc paired comparisons with Tukey-Kramer corrections showed 



17 
 

the following significant differences: 0% vs 20%, 30% and 90% jitter; 10% vs 20%, 30% and 90%; 20% and 

30% vs. 90%. 

Overall, the SAC analysis reveals a clear degradation in the neural representation of the APR in the 

patterns of interspike intervals with increasing amount of jitter in that the first SAC peak near the APR 

period both decreases in amplitude and has a less consistent location across neurons. The drop in peak 

amplitude was steeper for small jitter amounts, suggesting a better neural coding of jitter amount for 

small values. These effects were largely independent of APR when only pulse-locking neurons were 

included in the analysis but, as shown in Figure 6A, there were fewer pulse locking neurons at higher 

APRs. 

Rate tuning to APR in implanted animals  

As stated in the Introduction, binaurally coherent jitter has been shown to increase the firing rates 

and improve ITD sensitivity for high-rate electric pulse trains in about half of IC neurons from deafened 

cats with bilateral CIs (Hancock et al., 2012). Because these findings were from anesthetized animals, 

and more recent work has shown that temporal coding and ITD sensitivity with CI stimulation differ 

significantly between anesthetized and unanesthetized preparations (Chung et al., 2014; Chung et al., 

2016), we characterized the effects of jitter on firing rates and temporal coding in unanesthetized 

rabbits with CIs, and compared these effects with both the previous observations from anesthetized cats 

(Hancock et al., 2012) and the present results from NH rabbits. 

Figure 9 shows the rate-APR profiles of three IC neurons in unanesthetized rabbits in response to 

periodic and 90% jittered electric pulse trains applied through an electrode array implanted in the ear 

contralateral to the recording site. The neuron in Figure 9A had a lowpass rate profile for both periodic 

and jittered stimuli, and the firing rate differences between the two conditions were generally small, 

although the firing rate was higher for jittered stimuli than for periodic stimuli at 112 and 160 pps. The 

lowpass profiles resulted from a combination of enhancement relative to background activity at low 

APRs and suppression at high APRs. The neuron in Figure 9B had bandpass rate profiles for both periodic 

and jittered stimuli, with an enhanced response over back ground activity at all APRs. The effect of jitter 

was larger and more widespread across APRs than in the neuron of Figure 9A. Specifically, the firing 

rates for jittered stimuli were lower than the rates for periodic stimuli for APRs below 300 pps, but the 

opposite pattern was observed above 300 pps. The best APR shifted from 197 pps for periodic stimuli to 

157 pps for jittered stimuli (using parabolic interpolation to find the peak). The neuron of Figure 3C had 

a band-reject rate profiles for periodic stimuli in which the trough resulted from pronounced 

suppression relative to background activity. Introducing jitter caused increased suppression at high APRs 

that resulted in a shift to a lowpass rate profile.   

As in NH animals, rate-APR profiles of IC neurons in implanted animals showed a variety of shapes, 

but the patterns were very different in the two preparations (Figure 10A). For periodic pulse trains, the 

most common tuning shapes in CI rabbits were BP (38%) followed by LP (32%), CPLX(15%) and BR (14%). 

Introducing 90% jitter slightly increased the proportion of LP shapes (44%) at the expense of BR and 

CPLX shapes (Figure 10A), but the effect of jitter on the shape distribution was not significant in CI 

animals (χ2= 3.94, df=3, p=0.2677, excluding the rare HP and AP shapes). Responses to the two modes of 

stimulation sharply differed in that there was a high prevalence of HP shapes (28% for 0% jitter, 56% for 

90% jitter) in NH animals compared to 0% for both jitter amounts in CI animals, but a high prevalence of 

LP shapes (32% for 0% jitter, 44% for 90% jitter) in CI animals compared to 4-7% in NH animals (Figure 

10A). A chi-square test in which each shape/jitter combination was treated as a separate entry in the 
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contingency table (excluding the rare AP shape) found a highly significant effect of stimulation mode on 

the shape distribution (χ2= 112.3, df=9, p<0.0001).   

 For neurons from CI animals that had a prominent peak or trough in their rate profiles, the best 

APRs (Figure 10B) for jittered and periodic stimuli were strongly correlated (Kendall’ tau= 0.724, 

p<0.0001), but the median best APR for jittered stimuli was 0.22 octave higher than the best APR for 

periodic stimuli (signed rank test on logarithm of best APR, z=-2.2522, p= 0.0243, n=30; see also Table3). 

Combining data across both jitter conditions, the median best APR was significantly smaller in CI animals 

than in NH animals (Wilcoxon rank sum test, z=5.9931, p<0.0001). In contrast, the median Pearson 

correlation coefficients between the rate profiles for 0% and 90% jitter (Figure 10C) did not significantly 

differ between the two modes of stimulation (Wilcoxon rank sum test, z=-1.676, p=0.094).  

As in NH animals, rate tuning to APR in CI animals was shaped by a combination of enhancement 

and suppression relative to background activity (Table 3). A clear majority of rate profiles in CI rabbits 

(72 % and 60% for 0% and 90% jitter, respectively) showed suppression at a firing rate minimum (either 

the trough for profiles with one prominent trough, or the absolute minimum in firing rate for LP, HP and 

BP profiles). Firing rate enhancement at the minimum was rare (Table 3). There was no significant effect 

of the amount of jitter on the fractions of suppressed or enhanced responses at the minimum in CI 

animals (χ2(2)= 3.136, p=0.208). Conversely, the vast majority of rate profiles (90% and 86% for 0% and 

90% jitter, respectively) showed firing rate enhancement at a maximum (either the peak for profiles 

with a single peak, of the absolute maximum for BR, LP and HP profiles) and the proportions did not 

significantly differ between jitter amounts (χ2(1)= 0.604, p=0.437).  

The fractions of both suppressed and enhanced responses were somewhat higher in CI animals 

than in NH animals (Table 3) but this difference likely results from the greater statistical power of the t-

tests used to define suppression and enhancement in the CI case due to the larger number of stimulus 

trials (20 vs 10). Thus, despite differences in rate profile shapes between the two preparations, rate 

tuning to APR was dependent on a similar balance of enhancement and suppression for both modes of 

stimulation. 

The STVRs for 0% and 90% jitter in CI animals were highly correlated across neurons (Figure 10D, 

Kendall’s tau =0.4836, p<0.0001) but were significantly lower for jittered stimuli than for periodic stimuli 

(signed rank test, z=3.4231, p=0.0006, n=72), suggesting that jitter somewhat degrades the rate coding 

of APR in CI animals as was the case in NH animals. We ran a three-way ANOVA on the arcsine 

transformed STVRs, with stimulation mode and jitter as fixed factors, and neuron as a nested random 

factor. The main effects of jitter and neuron were significant (Jitter: F(1,145)=17.56, p<0.0001; Neuron: 

F(145,145)=9.2, p<0.0001), as was the interaction between jitter and stimulation mode (F(1,145)=5.65, 

p=0.0187), but there was no main effect of stimulation mode (F(1,145)=0.75, p=0.386). The interaction 

reflects the observations that the effect of jitter on the STVR was larger with CI than in NH, and that an 

effect of stimulation mode (larger STVR for CI) was only observed with 0% jitter. Despite these effects, 

the majority of IC neurons in both NH and CI animals provided strong rate coding of the APR for both 

periodic and jittered stimuli (Figure 10D). 

In summary, the effects of 90% jitter on the shapes of rate-APR profiles and the strength of APR 

coding were relatively small in CI rabbits, despite small, but significant increases in best APRs and 

decreases in STVR relative to the periodic case. However, there were clear differences in APR tuning 

between CI and NH rabbits, with a much higher prevalence of lowpass shapes and a lower prevalence of 

highpass shapes in CI rabbits, as well as lower best APRs in CI rabbits. 
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Effect of jitter on firing rates in implanted animals  

As in NH animals, we used the normalized metric JE(f) in CI animals to characterize the effect of 

jitter on firing rates for each APR and compare these effects across neurons and stimulation modes. 

Figure 11A shows the mean JE(f) across neurons for 90% jitter as a function of APR in both CI and NH 

rabbits. The dependence of JE(f) on APR in CI rabbits is clearly distinct from that in NH rabbits and shows 

two APR regions (between 112 and 320 pps, and above 1000 pps) in which jitter increased the mean 

firing rates (JE(f) > 0), and a low-frequency region (≤56 pps) of suppression. We ran a one-way ANOVA 

on the jitter effect in CI rabbits after grouping the APRs into four regions: 20-56 pps, 112-320 pps, 1280 

pps and other. There was a highly significant effect of APR region (F(3,860)=17.86, p<00001). Post-hoc 

tests with Bonferroni corrections showed that the mean JE(f) was significantly positive (p<0.05) in the 

112-320 pps and 1280 pps regions, while it was significantly negative in the 20-56 pps region.  

For comparison, Figure 11 also includes data for 90% jitter from Hancock et al. (2012), which were 

obtained from the IC of cats that received CIs bilaterally. The recordings were made while the animals 

were under combined barbiturate and urethane anesthesia. The pattern of jitter effect in the cat CI 

preparation clearly differs from those in the rabbit NH and rabbit CI preparations in that the mean JE(f) 

was always positive and reached very large values at high APRs. A two-way ANOVA including data from 

all three preparations (and using only APRs ≤ 1280 pps for the NH rabbit data) showed significant main 

effects of APR (F(11,3399)=8.43, p<0.0001) and preparation (F(2,3399)=47.2, p<0.0001), and a significant 

interaction between APR and preparation (F(22,3399)=4.46, p<0.0001). Post-hoc tests with Tukey-

Kramer corrections showed that the mean jitter effect was significantly larger in the cat CI preparation 

than in both rabbit preparations (p<0.0001), but the effects did not significantly differ between the two 

rabbit preparations. The highly significant interaction between APR and preparation confirms that the 

patterns of dependence of the jitter effect on APR differ in the three preparations. 

The region of firing rate enhancement around 160 pps in CI rabbits may be a by-product of the 

gating technique used to remove the artifact caused by the electric stimulus. A spike that overlaps in 

time with the artifact gating window may not be detected. The IPI of a 160 pps periodic pulse train is 

6.25 ms, which matches typical response latencies of rabbit IC neurons for electric stimulation (Chung et 

al., 2014). This means that, for a periodic pulse train, the spikes produced by one stimulus pulse tend to 

overlap in time with the artifact gating window of the next stimulus pulse and therefore may not be 

detected. This overlap with the artifact gate from the previous pulse is less likely to occur for 90% 

jittered pulse trains because, for a 160 pps APR, the IPI randomly varies from 0.63 ms to 11.9 ms, both of 

which are outside the range of typical response latencies of IC neurons (Chung et al., 2014). The 

decreased likelihood of overlap between spikes and artifact gating windows for jittered pulse trains 

results in an apparent enhancement of firing rates over the periodic case for APRs near 160 pps. The 

artifact gating technique had a lower impact on firing rates in the CI cat data compared to the CI rabbit 

data because the recordings from cat IC were made with 16-channel Neuronexus probes, which allowed 

a reduction of the stimulus artifact by common-mode rejection and therefore the use of shorter gating 

windows less likely to result in spike detection failures.  

Figure 11B shows the cumulative distributions of the overall jitter effect (OJE) in the three 

preparations. The OJE for the rabbit NH preparation was computed over the range 20-1280 pps (unlike 

Figure 4B, which shows the OJE over 20-2560 pps). The OJE distributions in NH and CI rabbits are very 

similar, but the distribution in CI cats is shifted towards higher values. A Kruskal-Wallis test on the OJE 

values showed a significant effect of preparation (χ2(2)=23.5, p<0.0001). Post-hoc paired comparisons 
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with Tukey-Kramer corrections showed that the median OJE was significantly larger in CI cats than in 

both rabbit preparations, while the median OJEs did not significantly differ between NH and CI rabbits. 

Overall, the results of Figure 11 suggest that the effects of jitter on the firing rates of IC neurons depend 

on several factors, including APR, mode of stimulation, the state of the preparation and possibly species. 

Another factor that is likely to influence differences in jitter effect between the three preparations is 

the dramatic across-preparation differences in firing rates in response to periodic pulse trains at high 

APRs (≥1280 pps for both rabbit preparations, ≥320 pps for anesthetized CI cats). The median firing rates 

across the neuronal sample were 0.47 spikes/s for anesthetized CI cats, 7.4 spike/s for CI rabbits, and 

28.5 spike/s for NH rabbits. If the firing rate of a neuron is already high in response to a periodic pulse 

train, the opportunity for jitter to further increase firing may be reduced compared to a neuron that has 

little or no spike response to periodic pulse trains. The notion that a low firing rate to periodic pulse 

trains is associated with a large jitter effect is supported by significant correlations between the firing 

rate to high-rate periodic pulse trains and the jitter effect across the neuronal population in both NH 

rabbits (Kendall’s tau = ‒0.2101, p=0.011) and CI cats (tau = ‒0.402, p<0.0001). The correlation just 

missed statistical significance in CI rabbits (tau = ‒0.149, p=0.068). Thus, the differences in the pattern of 

jitter effect at high APRs in the three preparations are partly accounted for by differences in firing rates 

for periodic stimuli. 

Despite the lack of a convincing correlation between the jitter effect and the firing rate for periodic 

pulse trains at high APRs in CI rabbits, the jitter effect was dependent on the rate-profile shape for 0% 

jitter (Kruskal-Wallis test, χ2=15.79, df=2, p=0.0004). Specifically, the median jitter effect for APRs ≥1280 

pps was significantly lower for BR neurons than for BP and BP neurons (p=0.0002 and 0.0256, 

respectively, paired comparisons with Tukey-Kramer corrections). LP and BP neurons tend to have low 

firing rates at high pulse rates, allowing the jitter to be fully expressed, while BT neurons have higher 

firing rates. This relationship between high-APR jitter effect and rate profile shape is similar to the 

relationship described above for OJE in NH rabbits. 

In summary, the effects of jitter on the firing rates were of similar magnitude in CI rabbits and NH 

rabbits, but with a different pattern of dependence on APR that was partly a by-product of the artifact 

rejection technique. In both preparations, the jitter effects were dependent on the rate profile shape for 

periodic stimuli. The effects of jitter were clearly larger in the anesthetized cat CI preparation than in 

both unanesthetized rabbit preparations and this effect was correlated with lower base firing rates in 

response to high rate periodic stimuli in the cat CI preparation. 

Temporal synchronization to periodic and jittered pulse trains in implanted animals 

As in NH rabbits, the spike trains in response to periodic and jittered stimuli in CI rabbits were 

crosscorrelated with the input pulse trains to characterize the synchrony of neural responses to 

individual pulses. Figure 12 shows the results of this analysis in CI rabbits, along with data from NH 

rabbits reproduced from Figure 6 in Panels B and C for comparison. The fraction of neurons showing 

significant pulse locking in CI rabbits (Figure 12A) decreased with increasing APR for both jitter 

conditions, but the fractions were higher for 0% jitter than for 90% jitter at low APRs. A two-way ANOVA 

on the arcsine transformed fractions showed a significant effect of APR (F(11,11)=50.7, p<0.0001), but 

no effect of jitter (F(1,11)=0.23, p=0.643). For APRs ≤ 160 pps, the fractions of pulse locking neurons in 

CI rabbits were about 50-60% for both jitter amounts, which is much higher than the 15-30% fractions in 
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NH rabbits (Figure 6A). Thus, unexpectedly, there was a much higher incidence of pulse locking in CI 

rabbits than in NH rabbits. 

Figure 12B shows the mean pulse locking strength (the crosscorrelation peak amplitude normalized 

by the 99.5th confidence bound for random spike trains) as a function of APR for neurons that pulse 

locked in at least two stimulus conditions (APR or jitter amount) in both CI and NH rabbits. For both 0% 

and 90% jitter, the pulse locking strength in CI rabbits decreased with increasing APR, with a sharp drop 

near 160 pps. The pulse locking strength in CI rabbits was larger for 0% jitter than for 90% jitter below 

160 pps, but the effect reversed at higher APRs where pulse locking was stronger for 90% jitter than for 

0% jitter. To test these effects statistically, we divided the APRs into two ranges: 20-160 pps (Low) and 

224-1280 pps (High) and ran a two-way ANOVA on the pulse locking strengths from CI animals raised to 

the 1/3 power to homogenize the variance across APRs. There was a significant main effect of APR range 

(F(1,1076)=608, p<0.0001) and a significant interaction between jitter and APR range (F(1,1076)=27.6, 

p<0.0001) but no main effect of jitter (F(1,1076)=0.30, p=0.59). Post-hoc paired comparisons with 

Tukey-Kramer corrections showed that every jitter/APR range combination was statistically distinct 

(p≤0.005) from every other one. In particular, the pulse locking strength was significantly larger for 0% 

jitter than for 90% jitter in the low APR range, but the opposite trend held in the high APR range, 

confirming the pattern in Figure 12B. 

Figure 12B also shows that the mean pulse locking strength was larger in CI animals than in NH 

animals for APRs below 200 pps. To test for the reliability of this effect of stimulation mode, we ran a 

three-way ANOVA on data from both CI and NH rabbits, using the same division of the APRs into two 

ranges as above. There were main effects of stimulation mode (F(1,1936)=24.9, p<0.0001) and APR 

range (F(1,1936)=552, p<0.0001) but no main effect of jitter (F(1,1932)=0.43, p=0.51).  There were also 

significant two-way interactions between stimulation mode and APR range, between jitter and APR 

range, and a three-way interaction between stimulation mode, APR range and jitter (p-values omitted 

for brevity). Post-hoc comparisons with Tukey-Kramer corrections showed that the effect of stimulation 

mode was significant for both jitter amounts in the low APR range (0%: p<0.0001; 90%: p=0.0004), but 

not in the high APR range (0%: p=0.653, 90%: p=0.997).  

Figure 12C shows scatterplots of the pulse locking limit for 90% jitter against the limit for 0% jitter 

in both CI and NH rabbits. As in NH rabbits, the pulse locking limits for the two jitter amounts were 

strongly correlated in CI animals (Kendall’s tau = 0.426, p=0.0001, n=40). However, the pulse locking 

limits with CIs were on average 0.30 octave larger for 90% jitter than for 0% jitter (Table 4), and the 

difference was significant (signed rank test on the logarithms of pulse locking limits, z= -2.2178, p= 

0.0266). The differences in median pulse locking limits between CI and NH (see Table 4) did not quite 

reach significance when the data for 0% and 90% jitter were analyzed separately (Wilcoxon rank sum 

tests, 0% jitter: p=0.0566, z=-1.906; 90% jitter: p=0.053, z=-1.937) but the difference became significant 

when data for both jitter amounts were combined (z=-2.762, p=0.0057). 

Figure 12D compares the pulse locking limit to the best APR for neurons with either a prominent 

peak or trough in their rate-APR profile in response to CI stimulation. Responses to 0% and 90% jitter are 

combined together. Unlike the NH case in Figure 6D which showed considerable heterogeneity, the best 

APR was lower than the pulse locking limit for almost all the neurons with peak-type rate profiles in CI 

animals, meaning that spikes were synchronized to stimulus pulses at the best APR. In contrast, almost 

all the neurons with trough-type rate-APR profiles did not synchronize to pulse trains at their best APR, 

as in the NH case (Figure 6D). For neurons with peak-type rate profiles, the best APR was significantly 

correlated with the pulse locking limit (Kendall’s τ = 0.355, p = 0.002, n = 53) and the median separation 
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between the two metrics (1.1 octave) was highly significant (sign-rank test on logarithms, p<0.0001, z=-

5.868). 

In summary, jitter had a stronger effect on pulse locking properties of IC neurons in CI animals 

compared to NH animals. Introducing jitter in CI animals decreased the strength of pulse locking at low 

APRs but increased it at higher APRs, resulting in a higher frequency limit of pulse locking. None of these 

effects were observed in NH animals. However, the effects of jitter in CI animals were modest compared 

to the sharp differences in pulse locking properties found between NH and CI rabbits across both jitter 

conditions. The prevalence of pulse locking, its strength at low APRs, and the upper limits of pulse 

locking were all higher in CI rabbits than in NH rabbits. The finding of better pulse locking in CI animals 

was unexpected given that rate pitch discrimination for periodic stimuli is poorer in human CI compared 

to NH listeners, even in the absence of place cues (Carlyon and Deeks, 2002). We return to this point in 

the Discussion. 

DISCUSSION (3295 words) 

We measured the responses of IC neurons in unanesthetized rabbits to pulse trains with regular 

(periodic) and irregular (jittered) inter-pulse intervals in both normal-hearing animals and animals with 

unilateral cochlear implants. We characterized the effects of jitter on firing rates and synchronization of 

neural spikes to stimulus pulses. For both modes of stimulation, introducing jitter increased the firing 

rates at high pulse rates in a majority of neurons (≥ 1280pps) (Figure 11). Despite these changes in firing 

rate, the shapes of the profiles of firing rate against average pulse rate (APR), the best APRs of neurons 

showing rate tuning to APR, and the strength of rate coding of the APR (STVR) were not greatly altered 

by jitter in either NH or CI animals (Figures 3 and 10). There were however clear differences between 

the distributions of rate profile shapes between the two modes of stimulation, with a high prevalence of 

highpass shapes for both periodic and jittered stimuli in NH animals, but a high prevalence of lowpass 

shapes in CI animals (Figure 10B).  

For both modes of stimulation, the synchronization of spike activity to stimulus pulses (as measured 

by crosscorrelation) was not strongly affected by jitter, although jitter slightly improved synchronization 

to high pulse rates in CI animals (Figures 6 and 11). Unexpectedly, the synchronization of neural 

responses to both periodic and jittered pulse trains was better in CI animals than in NH animals (Figure 

11). In neurons from NH animals in which spikes were precisely synchronized to stimulus pulses, 

temporal coding of the APR in the interspike intervals deteriorated with increasing amount of jitter, 

roughly paralleling the effect of jitter on the stimulus autocorrelation (Figure 8). At the same time, these 

changes imply that the amount of jitter is represented in the interspike interval distributions. 

Neural codes for APR and amount of jitter 

In recent work (Su and Delgutte, 2019, 2020), we identified three potential neural codes for the F0 

of harmonic complex tones (HCT) in the IC of NH rabbits: (1) a rate-place code for resolved harmonics 

dependent on cochlear frequency selectivity; (2) tuning of firing rates to the stimulus envelope 

repetition rate (ERR) likely created through processing in the auditory brainstem or midbrain; (3) 

temporal synchronization of responses to the ERR. Despite considerable overlap in the F0 ranges over 

which each code was available, the temporal code was most effective for low F0s (< 900 Hz), the rate-

place code for high F0s (> 600 Hz) and rate tuning to ERR for intermediate F0s (50-1600 Hz). Are these 

codes also available for irregular pulse trains and, if so, which ones are most likely to encode the APR in 

rate discrimination tasks and the amount of jitter in jitter detection and discrimination tasks (Pollack, 
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1968a, b; Dobie and Dillier, 1985; Tsuzaki and Patterson, 1998; Chen et al., 2005; Yost et al., 2005; 

Phillips et al., 2012; Bahmer and Baumann, 2014; Gaudrain et al., 2017)?  

Synchronization of spikes to stimulus pulses was commonly observed with both periodic and jittered 

pulse trains for APRs up to about 320 pps in both NH and CI animals (Figures 6A and 11A). The range of 

APRs over which synchronization was observed with pulse train stimuli largely overlaps with the range 

of phase locking to the ERR of HCT in NH animals (Su and Delgutte, 2019), so the underlying mechanisms 

are likely to be similar for both types of stimuli. With pulse train stimuli, the precise synchronization of 

spikes to stimulus pulses resulted in a temporal representation of the APR in the interspike intervals (as 

shown by the SAC), which degraded with increasing amount of jitter. This degradation in the temporal 

coding of the APR is consistent with the decreasing performance of NH humans in rate discrimination 

with increasing jitter amount (Rosenberg, 1966; Pollack, 1968a).  Moreover, the decrease in SAC peak 

amplitude, which encodes the amount of jitter, was steeper for low jitter amounts than for large jitter 

amount (Figure 8A-C). This observation is consistent with reports that human performance in jitter 

discrimination degrades with increasing jitter in the reference stimulus (Pollack, 1968b). Thus, the 

temporal code is likely to play a role in both rate discrimination and jitter detection/discrimination tasks 

at low APRs where this code is available. On the other hand, temporal coding cannot account for the 

improvement in performance on both tasks occurring at high APRs in NH subjects when the pulses 

contain low-frequency energy (Pollack, 1968a; Tsuzaki and Patterson, 1998; Phillips et al., 2012). 

Bandpass and band-reject tuning of firing rates to the APR were observed for both periodic and 

jittered pulse trains in both NH and CI animals. Su and Delgutte (2019) argued that the rate tuning of IC 

neurons to the ERR of harmonic complexes was unrelated to cochlear frequency selectivity because the 

best ERRs were not harmonically related to the pure tone CFs and because responses to HCTs having the 

same power spectrum could differ in their rate tuning. The present findings that rate tuning to the APR 

is also observed for aperiodic (jittered) stimuli with near flat power spectra and in a CI preparation 

bypassing cochlear mechanics is further evidence that rate tuning is not dependent on cochlear 

frequency selectivity and likely derived from temporal cues in the periphery through brainstem or 

midbrain processing. We found that rate tuning to APR was shaped by a combination of firing rate 

enhancement and suppression in a majority of neurons, consistent with models that create rate tuning 

to AM using combination of fast synaptic excitation and delayed inhibition (Nelson and Carney, 2004; 

Kim et al. 2020). The range of best APRs for periodic pulse trains in NH rabbits (75 to 1600 pps, see Table 

4) closely matches the range of best ERRs (50-1500 Hz) reported by Su and Delgutte (2019) for HCT in 

cosine phase, consistent with the similarity of these two stimuli.  

In principle, a population of IC neurons tuned to a range of APRs could represent the stimulus APR 

via a “labeled line” code, where the label is the best APR. This possibility is supported by the stability of 

the best APR across different amounts of jitter (Figure 3C and 10C) and also by the stability of the STVR 

metric (Figures 3A and 10A), which takes into account the variability in firing rates across stimulus trials 

that ultimately limits discrimination performance. This code would be effective over a wide range of 

APRs given the wide range of best APRs observed, especially in NH animals. However jitter did alter the 

firing rates and sometimes also the shape of the rate-APR profiles, so the code would not be invariant to 

the amount of jitter (and may also not invariant to other properties such as stimulus level), therefore 

requiring a complicated neural decoder to jointly estimate the APR and the amount of jitter. 

Nevertheless, this code could play a role in rate discrimination and jitter detection/detections when 
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neither the temporal code nor the rate-place code is available, e.g. for large amounts of jitter at APRs 

above the synchrony limit. 

Rate-place coding of resolved harmonics was rarely observed in our neurons for periodic pulse trains 

because the choice of APRs was not optimized to densely sample small integer submultiples of each 

neuron’s pure-tone CF, as done by Su and Delgutte (2020) for HCTs. For this reason, rate-place coding 

neurons were excluded from quantitative analyses of rate-APR profiles. Nevertheless, based on our 

earlier results with HCTs, rate-place coding is expected to be widely available in the IC for periodic pulse 

trains with higher APRs (> 600 pps). The increasing availability of rate-place coding at higher APRs may 

account for the improvement in rate discrimination and jitter detection performance with increasing 

APR observed with broadband pulse trains (Pollack, 1968a; Tsuzaki and Patterson, 1998). This high-

frequency improvement in performance is eliminated by highpass filtering, suggesting it is dependent on 

the presence of resolved harmonics in the stimulus (Phillips et al., 2012). Unlike the other two codes, the 

rate-place code is only applicable to normal hearing because the wide current spread with CIs precludes 

place coding of individual harmonics (Mehta and Oxenham, 2017). 

In summary all three neural codes previously characterized in the IC for the F0 of harmonic complex 

codes are also likely to play a role in rate discrimination and jitter/detection discrimination of irregular 

pulse trains, with their relative importance depending on the APR, the jitter amount, and the mode of 

stimulation (electric vs. acoustic).  

Neural mechanisms for the jitter effect 

Hancock et al. (2012) showed that introducing jitter to a periodic pulse train increased firing rates 

and improved ITD sensitivity for APRs ≥320 pps in about half of IC neurons from deaf cats with bilateral 

CIs. They noted that spikes in response to jittered stimuli tended to occur at sparse times that were 

highly consistent across neurons. Using a spike-triggered averaging technique, they showed that the 

extra spikes occurred following the short interpulse intervals (SIPIs) that occasionally occur in the 

jittered pulse trains. They suggested that this pattern of firing is consistent with the dynamics of low-

voltage activated K+ currents (IKLVA) present in many auditory neurons, including spiral ganglion cells (Mo 

et al. 2002), bushy and octopus cells in the ventral cochlear nucleus (Manis and Marx, 1991; Bal and 

Oertel, 2001; Rothman and Manis, 2003; Cao et al., 2007), the medial superior olive (MSO) (Smith, 1995; 

Svirskis et al., 2002; Mathews et al., 2010), the lateral superior olive (LSO) (Barnes-Davies et al., 2004), 

the medial nucleus of the trapezoid body (Brew and Forsythe, 1995) and some types of IC neurons 

(Sivaramakrishnan and Oliver, 2001; Rosenberger et al., 2003). High-rate periodic pulse trains may elicit 

sustained activation of IKLVA channels that blocks firing by increasing the current threshold, much as 

sustained depolarizations (Manis and Marx, 1991). The two pulses forming a SIPI in a jittered pulse train 

may produce EPSPs that summate quickly enough to overcome the raised threshold resulting from 

sustained IKLVA activation and thereby elicit a spike (Hancock et al., 2012). Because IKLVA channels are 

widely distributed throughout the auditory brainstem, we do not know at what processing stage this 

putative mechanism would take place and the effect could also build up over multiple stages. While 

Hancock et al. (2012) emphasized the role of IKLVA channels, any other mechanism (such as delayed 

inhibition) that builds up to raise spiking threshold at high stimulation rates but can be overcome by the 

large depolarization induced by SIPIs might also account for the jitter effects. 

The spike-triggered averaging technique used by Hancock et al. (2012) to demonstrate the role of 

SIPIs in the jitter effect is not applicable to the present data set because it requires measurements of 
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responses to jittered pulse trains of long duration (several tens of seconds) which were not made. 

Nevertheless, there is indirect evidence that the IKLVA -based mechanism for the jitter effect proposed by 

Hancock et al. (2012) for the anesthetized cat preparation may also operate in the unanesthetized rabbit 

preparation. Recording from the IC of unanesthetized rabbits with bilateral CIs, Buechel et al. (2018) 

showed that adding infrequent pulses to a constant-amplitude, isochronous, high-rate pulse train in 

order to introduce SIPIs significantly increased the firing rates at high APRs in about 60% of IC neurons. 

The extra spikes were synchronized to the occurrence of SIPIs. The similarity between the effects of 

deliberately-introduced SIPIs in the unanesthetized rabbit preparation of Buechel et al. (2018) and the 

effects of randomly-occurring SIPIs within jittered pulse trains in the anesthetized cat preparation of 

Hancock et al. (2012) suggests that the underlying mechanisms may be the same and that this common 

mechanism also operates with our jittered pulse trains in unanesthetized rabbits.  

Despite the possibility that the mechanisms underlying the jitter effects on firing rates are similar in 

anesthetized cats and unanesthetized rabbits,  these effects had a different frequency dependence on 

APR in the three preparations and were larger in anesthetized CI cats than in both rabbit preparations 

(Figure 11). These differences in strength of the jitter effect were correlated with differences in the firing 

rates evoked by high-rate periodic pulse train, consistent with the idea that SIPIs are more likely to 

trigger additional spikes when the baseline firing rate is low.  For CI and NH rabbits, the direction of the 

jitter effect was also correlated with the shape of the rate-APR profiles for periodic pulse trains, as jitter 

tended to increase firing rates at high APRs in neurons with LP and HP rate profiles, but decrease firing 

rates in neurons with HP or BR rate profiles. The very low firing rates observed in response to high-rate 

periodic pulse trains in anesthetized cats are consistent with earlier findings that injection of fast-acting 

barbiturates in unanesthetized rabbits severely depressed both spontaneous activity and activity evoked 

by high-rate pulse trains in individual IC neurons (Chung et al., 2014).  

In summary, the hypothesis of Hancock et al. (2012) that the dynamics of IKLVA channels  cause the 

increase in firing rate observed with jittered pulse trains at high stimulation rates is also applicable to 

both NH and CI rabbits in unanesthetized preparations, with some modifications related to the 

depression of firing rates by anesthesia. However, in both anesthetized and unanesthetized preparation, 

there was a great deal of across neuron variability in the effects of jitter, so the IKLVA hypothesis can only 

account for the dominant effect across the neuronal population. A minority of IC neurons in all three 

preparations (especially those with HP and BR rate profiles for periodic pulse trains) showed a decrease 

in firing rate rather than in increase in response to jittered pulse trains (Figure 11B). As suggested by 

Buechel et al. (2018), such rate suppression by jitter could arise through inhibitory inputs from neurons 

that show the more common rate enhancement. These inhibitory inputs could arise either from IC 

interneurons of from the dorsal nucleus of the lateral nucleus (DNLL).  

Differences in responses to acoustic and electric stimulation 

For both periodic and jittered pulse trains, there were clear differences in responses of IC neurons 

between acoustic stimulation in NH animals and electric stimulation in CI animals. To our knowledge, 

the present results are the first direct comparison of responses of IC neurons to acoustic and electric 

pulse trains over a wide range of pulse rates, and the first from any auditory nucleus in an awake 

preparation. These differences have implications for both rate and temporal coding of the APR.  

Rate-APR profiles with highpass shapes were much more prevalent in neurons from NH animals than 

in CI animals and, conversely, lowpass rate profiles were more common in CI animals. Regardless of any 
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rate profile classification, firing rates for high-rate periodic pulse trains were lower in CI animals than in 

NH animals. These differences are not likely to result directly from the influence of cochlear mechanics 

in the NH animals because neurons showing evidence of rate-place coding of resolved harmonics were 

excluded from our data set. High-rate electric stimulation through CIs produces high firing rates and 

highly synchronized spatio-temporal patterns of activity across a wide span of the tonotopic axis of the 

auditory nerve (Kiang and Moxon, 1972; Hartmann et al., 1984; van den Honert and Stypulkowski, 1987; 

Dynes and Delgutte, 1992; Javel and Shepherd, 2000; Miller et al., 2008). These high firing rates and 

broad, highly synchronized patterns may be more effective in engaging wideband inhibitory connections 

and hyperpolarizing membrane channels in the auditory brainstem compared to the more restricted, 

less synchronized activity produced by acoustic stimulation. Regardless of the mechanisms, the 

relatively low firing rates produced by high-rate electric stimulation in CI animals are associated with a 

more restricted range of best APRs (Figure 10, Table 4) and therefore poorer rate coding of the APR for 

pulse rates ≥300 pps compared to NH animals. 

The differences in rate tuning to APR between NH and CI animals may also be influenced by the 

different methods used to control stimulus levels across APRs in the two preparations. In NH animals, a 

constant root-mean-square (r.m.s.) sound pressure level of 65 dB SPL was used for all APRs, which 

means the peak pulse amplitude decreased with increasing APR. In contrast, in CI animals the peak 

amplitude of stimulus pulses was kept constant across APRs, so that the r.m.s. current increased with 

APR. However, highpass rate-APR profiles were common in NH animals despite the decrease in peak 

amplitude at high APRs, and lowpass rate profiles were common in CI animals despite the increase in 

r.m.s current, so that the patterns of APR tuning in both preparations are inconsistent with the notion 

that firing rate is monotonically related to either peak amplitude or r.m.s. amplitude. Given our 

observations that a majority of neurons in both preparations exhibited a combination of suppression 

and enhancement of firing rates relative to background activity, it is more likely that the shapes of rate 

APR profiles are determined by an interplay of excitation and inhibition in the brainstem and midbrain 

(Nelson and Carney, 2004; Su and Delgutte 2019; Kim et al. 2020).  

The other major difference between responses to electric stimulation in CI animals and acoustic 

stimulation in NH animals was the greater prevalence and strength of synchronization between spikes 

and stimulus pulses in CI animals (Figure 12). The greater strength of pulse locking of IC neurons for 

electric stimulation is consistent with the strong phase locking to sinusoidal and pulse train electric 

stimuli already observed in the auditory nerve (Hartmann et al., 1984; van den Honert and Stypulkowski, 

1987; Dynes and Delgutte, 1992; Javel and Shepherd, 2000). However, it seems to be at variance with 

psychophysical observations that a majority of CI users can only discriminate the rate of periodic pulse 

trains and rank order pitches for pulse rates up to 300 pps (Tong and Clark, 1985; Townshend et al., 

1987; Zeng, 2002), while perception of temporal pitch by NH listeners extends about an octave higher 

(Carlyon and Deeks, 2002). In contrast to the temporal code, the rate code is more consistent with the 

trends in the psychophysical data because the range of best APRs extends to higher frequencies in NH 

animals than in CI animals (Table 4), leading to the suggestion that rate pitch discrimination at higher 

pulse rates (≥300 pps) may be based on a rate code rather than a temporal code at the level of the IC. 

There is no paradox in “temporal” pitch being based on a rate code because the rate tuning of IC 

neurons to APR/ERR is likely derived from temporal cues in the auditory nerve via a temporal-to-rate 

transformation in the brainstem and midbrain (Su and Delgutte, 2019).  The “star CI subjects” who can 

perform rate discrimination above 300 pps and up to 900 pps in some cases (Kong and Carlyon, 2010) 
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may excel at using temporal information from pulse locked IC neurons in the tail of the distribution 

(Figure 12) or may be able to use firing rate information without relying on labeled lines indexed by the 

best APR.  

If rate discrimination for pulse rates above 300 pps is based primarily on a rate code rather than a 

temporal code, performance should be comparable for periodic and jittered pulse trains because the 

rate code is robust to jitter in both NH and CI animals. Consistent with this prediction, Chen et al. (2005) 

found no change in rate discrimination thresholds of CI users for pulse rates between 200 and 1000 pps 

when up to 30% jitter was introduced. In contrast, Bahmer and Baumann (2014) did observe a 

degradation in rate discrimination performance of CI subjects with increasing amount of jitter for 200-

pps pulse trains. At this lower pulse rate, the IC temporal code is still robust in many IC neurons, so 

subjects may rely primarily of the temporal code for rate discrimination, in which case a degradation in 

performance is expected due to the degraded representation of the APR in interspike intervals with 

increasing jitter amount. Unfortunately, it appears that no study has directly compared rate 

discrimination thresholds for jittered and periodic pulse trains in NH listeners using stimuli limited to the 

high frequency region to ensure that all the harmonics are unresolved while also adding low-frequency 

noise to mask cochlear distortion products (Houtsma and Smurzynski, 1990; Carlyon and Deeks, 2002). 

In summary, comparison of response properties of IC neurons to acoustic and electric pulse trains 

with differences in rate pitch discrimination between NH listeners and CI users leads to the hypothesis 

that temporal pitch discrimination at higher pulse rates may be dependent on a rate code rather than a 

temporal code at the IC level. More generally, the present results suggest that the pitch of regular and 

irregular pulse trains is coded in different ways by the population of IC neurons depending on the 

average pulse rate, the degree of irregularity and whether the stimulation is acoustic or electric. How 

these codes are further transformed in the auditory thalamus and cortex and how the various codes are 

ultimately integrated to produce a unitary pitch percept is a challenge for further studies. 
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Table 1. Statistical test results for Best APR in NH animals. The median best APR for 0% jitter was 357 

pps. 

Jitter Amount 10% 20% 30% 90% 

Number of pairs 24 16 17 15 

Kendall’s tau 0.775     0.567         0.735     0.600     

p-value for tau <0.0001      0.0017     0.0000    0.0013 

Median best APR (pps) 358  293         268 294 

p signed rank (log) 0.1888     0.4380     0.2274     0.0125 

 

Table 2. Statistical test results for STVR in NH animals 

 0% (N=75) 10% (N=70) 20% (N=35) 30% (N=56) 90% (N=75) 

Median STVR 0.7747 0.7508 0.7473 0.7911     0.7024     

KS test vs. 0% 
jitter, p-values 

 
0.9828 0.8960 0.9387 0.2680 

 

Table 3. Fractions of neurons showing suppression or enhancement at a firing rate minimum or 

maximum in NH and CI animals 

  NH 0% NH 90% CI 0% CI 90% 

Minimum 

# Suppressed (prct) 42 (61%) 42 (58%) 47 (72%) 41 (60%) 

# Enhanced (prct) 3 (4%) 12 (17%) 10 (15%) 19 (28%) 

# Total 69 72 65 68 

Maximum 

# Enhanced (prct) 59 (83%) 58 (81%) 62 (90%) 59 (86%) 

# Suppressed (prct) 0 0 2 (3%) 2 (3%) 

# Total 71 72 69 69 
 

Table 4. Ranges of rate and temporal coding for periodic and jittered pulse trains in NH and CI animals 

Stimulation 
Mode 

Jitter 
Amount 

Best APR (pps) Pulse locking limit (pps) 

Median 95th prctile Median 95th prctile 

Acoustic (NH) 
0% 357 1671 112 504 

90% 304 962 112 640 

Electric (CI) 
0% 182 435 206 432 

90% 141 443 286 604 
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Figure 1. Waveforms, autocorrelations and power spectra of the pulse train stimuli with an APR of 448 

pps for various amounts of jitter in the inter-pulse intervals. Vertical dashed lines mark integer 

multiples of 1/APR for the autocorrelation and of APR for the power spectrum. All the Y axes are 

normalized to the peak amplitude of the corresponding waveform, autocorrelation or power 

spectrum. 
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Figure 2. Firing rate vs. APR for three IC neurons in normal-hearing animals. (A) Rate profiles of 

Neuron A in response to pulse trains overlaid with the response to COS HCT with F0s matching the 

APRs. Error bars represent ±1 standard error. The horizontal dashed line marks the background firing 

rate during silent intervals between stimuli. Characteristics of the COS HCT stimuli: Equal-amplitude 

harmonics in cosine phase up to 18 kHz, 300-ms duration, 300-ms silent interval between 

presentations, 40 dB SPL (Su and Delgutte, 2019). (B) Same as in A for Neuron B with BR rate profiles. 

Same COS HCT properties as in A except 65 dB SPL. (C) Rate profiles of Neuron C in response to pulse 

trains and COS HCT. The range of F0 in this neuron was selected to highlight peaks in firing rate when 

the CF aligns with a low-order harmonic of F0 (Su and Delgutte, 2020). Stimulus level for COS HCT: 45 

dB SPL per component. 
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Figure 3. Summary statistics on rate tuning to APR for periodic and jittered pulse trains. Except in 

Panel B, n = 75, 70, 35, 56 and 75 for 0%, 10%, 20%, 30% and 90% jitter respectively.  A. Distribution of 

rate profile shapes for each amount of jitter. B. Best APR in response to jittered vs. periodic pulse 

trains for neurons with matching rate profile shapes. n = 30, 18, 22 and 23 for 10%, 20%, 30% and 90% 

jitter respectively. Dashed represents equality. C. Cumulative distributions of the Pearson correlation 

coefficient between the rate profiles for jittered and periodic stimuli. The curve for 0% jitter is an 

estimate of the distribution of correlation coefficients that would be expected due to neural noise. D. 

APR STVR for responses to jittered pulse trains against STVR for periodic pulse trains across the 

neuronal population.  
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 Figure 4. Effect of jitter on firing rates. A. Mean jitter effect JE(f) across neurons as a function of APR. 

Error bars represent ±1 standard error. Abscissae are slightly adjusted to avoid overlap in error bars. 

B. Cumulative distributions of the overall jitter effect OJE for all five jitter amounts. The distribution 

for 0% jitter is an estimate of the expected OJE due to intrinsic noise in neuronal responses. n = 75, 70, 

35, 56 and 75 for 0%, 10%, 20%, 30% and 90% jitter respectively. 
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Figure 5. Pulse-locking to pulse trains with 0% and 90% jitter in Neuron A. (A)-(B) Cross-correlograms 

from neural responses to 0% and 90% jittered pulse trains as a function of APR. For each APR, the 

largest significant correlogram peaks is highlighted in red. Gray shading shows the 99.5th percentile of 

the correlograms for random spike trains (see Methods). (C) Normalized pulse-locking strength as a 

function of APR for 0% and 90% jitter. At each APR, the pulse locking strength is normalized by the 

99.5th confidence interval for random spike trains. Solid lines and filled symbols indicate significant 

pulse locking. The pulse locking limits are the APRs where the curves cross the unity line as marked by 

the two vertical lines. 
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Figure 6. Pulse locking properties in response to pulse trains with 0% and 90% jitter in normal-hearing 

animals. A. Percentage of neurons that showed significant pulse locking at each pulse rate for 0% and 

90% jitter. B. Average pulse locking strength across the neuronal sample as a function of APR for 0% 

and 90% jitter. Only neurons that pulse locked for at least two stimulus conditions (APR or jitter) are 

included. Error bars represent ±1 standard error. X-coordinates were slightly shifted to separate the 

error bars. The vertical scale was chosen to homogenize the variance of the data across APRs. C. 

Scatter plot of upper APR limit of pulse locking for 90% and 0% jitter over the neuronal sample. 

Dashed line represents equality. D. Pulse locking limit against best APR for neurons with a prominent 

peak (BP, some CPLX, n=44) or trough (BR, some CPLX, n=28) in their rate-APR profile. Data from 0% 

and 90% jitter are combined. Data from neurons that did not pulse lock at any rate are plotted along 

the horizontal axis. Dashed line represents equality. 
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Figure 7. A. Shuffled autocorrelations (SAC) of Neuron A as a function of amount of jitter for two APRs 

(80 and 320 pps). Bin width: 0.1 ms. Vertical dashed lines mark the APR period. The horizontal cyan 

lines represent the mean SACs for random spike trains containing the same number of spikes as the 

experimental data.  B. SAC Periodicity Strength (the ratio of the height of the “first” SAC peak near the 

APR period to the SAC peak height at zero lag) against amount of jitter. C. APR estimation error (the 

percent deviation between the APR period and the location of the first SAC peak) against amount of 

jitter. The metrics in B and C were computed from smoothed SACs.  



39 
 

 

Figure 8. Summary data on SAC periodicity strength and APR estimation error for the neuronal 

sample. A-B. SAC periodicity strength against amount of jitter for APRs of 80 and 320 pps. Each 

colored line shows the data for one IC neuron. The thick black line shows the average periodicity 

strength across all neurons. The red dashed line shows the periodicity strength derived from the 

stimulus autocorrelation (Figure 1). To be included in these plots, a neuron had to show significant 

pulse locking (as determined from the crosscorrelation) for at least two amounts of jitter. C. Average 

SAC periodicity strength across all neurons for each APR ≤ 448 pps (solid colored lines), and grand 

average across all neurons and APRs (thick black line). The red dashed line shows the average stimulus 

periodicity strength across all APRs. D-E. Percent APR estimation error from SAC against amount of 

jitter for APRs of 80 and 320 pps. Colored lined show the data for individual IC neurons. Same 

inclusion criteria as in A-B. The thick black line shows the mean absolute value of the data across all 

neurons. The red dashed line shows the APR estimation error derived from the stimulus 

autocorrelation.  F. Mean absolute value of the APR estimation errors across all neurons for each APR 

≤ 448 pps (solid colored lines), and grand mean absolute value across all neurons and APRs (thick 

black line). The red dashed line shows the mean absolute value of the APR estimation errors derived 

from the stimulus autocorrelations across all APRs. 

  



40 
 

 

Figure 9. Firing rate vs. APR for three IC neurons in cochlear implanted rabbits. Error bars represent ±1 

standard error. The horizontal dashed line marks the average background firing rate during silent 

intervals between stimuli.  
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Figure 10. Summary statistics on rate tuning to APR in NH and CI animals. B. Distributions of rate 

profile shapes for 0% and 90% jitter in NH and CI animals. B. Best APR in response to 90% jittered vs. 

periodic pulse trains for neurons with matching rate profile shapes. Dashed line represents equality. 

C. Cumulative distributions of the Pearson correlation coefficient between the rate profiles for 90% 

jitter and periodic stimuli. D. APR STVR computed from responses to pulse trains with 90% jitter 

against STVR for periodic pulse trains across the NH and CI neuronal populations. 
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Figure 11. Comparison of effects of jitter on firing rates in three preparations. The blue and red curves 

are data from the present study measured in normal-hearing rabbits and rabbits with CIs, 

respectively. The green curves show data from a previous study of the effect of jitter on responses of 

IC neurons in anesthetized cats with bilateral CIs (Hancock et al., 2012). A. Average jitter effect JE(f) 

across neurons for 90% jitter as a function of APR. Error bars represent ±1 standard error. The number 

of neurons included in the cat CI data ranges from 19 to 194 depending on APR. B. Cumulative 

distributions of the overall jitter effect (OJE) in the three preparations.  
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Figure 12. Pulse locking characteristics for 0% and 90% jitter in CI rabbits and comparison with data 

from NH rabbits. A. Fraction of neurons that showed significant pulse locking for 0% and 90% jitter in 

CI animals. B. Average pulse locking strength across neurons as a function of APR for 0% and 90% jitter 

in both NH and CI animals. Only neurons that pulse locked for at least two stimulus conditions (jitter 

or APR) are included (n= 45 for CI, n=36 for NH). Same nonlinear vertical scaling as in Figure 6. Error 

bars represent ±1 standard error. Abscissae were slightly shifted to separate the error bars. C. Scatter 

plot of upper limits of pulse locking for 90% and 0% jitter in both CI and NH animals. Dashed line 

represents equality. D. Pulse locking limit against best APR for neurons from CI animals with a 

prominent peak (BP, some CPLX, n=60) or trough (BR, some CPLX, n=23) in their rate-APR profile. Data 

from 0% and 90% jitter are combined. Neurons that did not pulse lock at any rate are shown along the 

horizontal axis. Dashed line represents equality. 

 

 


