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a b s t r a c t 

In the auditory system, frequency is represented as tonotopic and temporal response properties of the 

auditory nerve. While these response properties are inextricably linked in normal hearing, cochlear im- 

plants can separately excite tonotopic location and temporal synchrony using different electrodes and 

stimulation rates, respectively. This separation allows for the investigation of the contributions of tono- 

topic and temporal cues for frequency discrimination. The present study examines frequency discrimina- 

tion in adult cochlear implant users as conveyed by electrode position and stimulation rate, separately 

and combined. The working hypothesis is that frequency discrimination is better provided by place and 

rate cues combined compared to either cue alone. This hypothesis was tested in two experiments. In 

the first experiment, frequency discrimination needed for melodic contour identification was measured 

for frequencies near 10 0, 20 0, and 40 0 Hz using frequency allocation modeled after clinical processors. In 

the second experiment, frequency discrimination for pitch ranking was measured for frequencies between 

10 0 and 160 0 Hz using an experimental frequency allocation designed to provide better access to place 

cues. The results of both experiments indicate that frequency discrimination is better with place and 

rate cues combined than with either cue alone. These results clarify how signal processing for cochlear 

implants could better encode frequency into place and rate of electrical stimulation. Further, the results 

provide insight into the contributions of place and rate cues for pitch. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Though cochlear implants have been widely successful, there 

re well-known deficiencies related to speech recognition and mu- 

ic appreciation. Pitch perception, essential for speech and mu- 

ic, is poorly provided by cochlear implants. Poor pitch resolution 

iminishes speech comprehension in background noise ( Caldwell 

nd Nittrouer, 2013 ; do Nascimento and Bevilacqua, 2005 ; Fu and 

ogaki, 2005 ), vocal emotion recognition ( Deroche et al., 2014 ; 

ilbers et al., 2015 ; Luo et al., 2007 ), music appreciation ( Bruns

t al., 2016 ; Gfeller et al., 20 0 0 ), and, consequently, quality of life

 Ambert-Dahan et al., 2015 ; Lassaletta et al., 2008 , 2007 ; Looi et al.,

012 , 2008 ; Looi and She, 2010 ; Moran et al., 2016 ). Motivated by

he essential role of pitch in hearing, the study described here con- 
∗ Corresponding author at: Auditory Research Center, Health Research Associa- 

ion, Caruso Department of Otolaryngology, Keck School of Medicine, University of 

outhern California, 1640 Marengo Street Suite 326, Los Angeles, CA 90033, United 

tates. 
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iders psychophysical cues that support frequency discrimination 

n cochlear implant users. 

In normal hearing, frequency is inseparably encoded in the 

onotopic and temporal response properties of the auditory nerve. 

he tonotopic response to frequency, or place-frequency map, is 

nitiated by mechanical tuning properties of the cochlea and per- 

ists throughout the ascending auditory pathway ( Clopton et al., 

974 ; Fekete et al., 1984 ; Liberman, 1982 ; Muniak et al., 2016 ;

yugo and May, 1993 ). The temporal response properties derive 

rom the remarkable ability of the auditory nerve to phase-lock 

ynchronously to acoustic frequencies as high as 5 kHz ( van den 

onert and Stypulkowski, 1987 ; Dynes and Delgutte, 1992 ; Dreyer 

nd Delgutte, 2006 ; Hill et al., 1989 ; Shepherd and Javel, 1997 ;

ose et al., 1967 ; Palmer and Russell, 1986 ; Heinz et al., 2001 ).

lthough the auditory nerve can phase-lock to relatively high fre- 

uencies, there is active debate as to the upper limit of usable tem- 

oral frequency information for tasks such as sound localization, 

itch perception, and speech perception ( Verschooten et al., 2019 ). 

ecause tonotopic and temporal cues are inseparable in normal 

earing, there is debate regarding the contributions of these cues, 

s well as the possible need for aligning these cues synergistically 

https://doi.org/10.1016/j.heares.2022.108583
http://www.ScienceDirect.com
http://www.elsevier.com/locate/heares
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heares.2022.108583&domain=pdf
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 Attneave and Olson, 1971 ; Carlyon et al., 2012 ; Luo et al., 2012 ;

cKay et al., 20 0 0 ; Oxenham, 2013 ; Oxenham et al., 2011 , 2004 ;

almer and Russell, 1986 ; Rose et al., 1967 ). By whatever mecha- 

ism that tonotopic and temporal cues are decoded into a sense 

f pitch, normal hearing listeners can discriminate pure tones that 

iffer by 1–5% in frequency for a wide range of frequencies (300–

0 0 0 Hz) with best discrimination near 0.1% ( Goldsworthy et al., 

013 ; Micheyl et al., 2006 ; Tyler et al., 1983 ). Since tonotopic and

emporal cues can be independently conveyed by cochlear im- 

lants, there are theoretical and practical motivations to measuring 

he contributions of these cues to pitch ( Arnoldner et al., 2007 ; 

aneau et al., 2004 ; Litvak et al., 2003 ; Oxenham et al., 2004 ;

hannon et al., 2004 ; Smith et al., 2002 ; Vermeire et al., 2010 ;

ilson et al., 2004 ). 

Pitch perception provided by cochlear implant place-of- 

xcitation has been studied using clinical processors and direct 

lectric stimulation. The smallest discriminable difference in pitch 

etween two frequencies is often measured as a discrimination 

hreshold (measured in% difference from the base frequency for 

he present study). A single electrode will often have a quarter to 

ne-third octave filter bandwidth with around 3–4 semitones allo- 

ated to each electrode (or 18.9–26% discrimination threshold for 

iscriminating between single electrodes). Cochlear implant users 

an discriminate pure tones with their clinical processors that dif- 

er by between 1 and 30% across a wide range of frequencies 

250–20 0 0 Hz), with an average around 10%, an order of magnitude 

orse than normal hearing ( Goldsworthy, 2015 ; Goldsworthy et al., 

013 ; Pretorius and Hanekom, 2008 ). Pure tone frequency discrim- 

nation through the clinical processor generally relies on place-of- 

xcitation cues, but with the acknowledgement that some process- 

ng strategies, such as Fine Structure Processing (FSP) for MED- 

L implants, may preserve temporal cues for low frequency pure 

ones. Computer-controlled electrode psychophysics, which bypass 

he clinical processor, allow specific place cues to be provided, 

ut the stimuli may not be as familiar to the participant. Studies 

ave shown tonotopic progression with basal electrodes heard as 

igher in pitch compared to apical electrodes ( Nelson et al., 1995 ; 

ong and Clark, 1985 ). Pairs of electrodes simultaneously stimu- 

ated or closely interleaved provide intermediate place cue per- 

epts ( Kwon and van den Honert, 2006 ; Landsberger and Srini- 

asan, 2009 ; Macherey and Carlyon, 2010 ; McDermott and McKay, 

994 ; Srinivasan et al., 2012 ). With this method, cochlear implant 

sers can generally discriminate place-of-excitation differences of 

ess than 1 electrode ( Kenway et al., 2015 ; Laneau and Wouters, 

004 ; Townshend et al., 1987 ). 

Studies have also examined the use of temporal cues for dis- 

riminating pitch ( Bernstein and Oxenham, 2006 ; Houtsma and 

murzynski, 1990 ; Kaernbach and Bering, 2001 ; Shackleton and 

arlyon, 1994 ). A semitone difference in Western musical notation 

s 5.95% from the base note frequency. Cochlear implant users can 

enerally discriminate between harmonic complexes that differ by 

 to 30% for fundamental frequencies between 110 and 880 Hz, 

uch worse than the 0.1 to 5% frequency resolution observed in 

ormal hearing ( Goldsworthy, 2015 ; Goldsworthy et al., 2013 ; Luo 

t al., 2019 ; Micheyl et al., 2006 ). The extent that this poor res-

lution is caused by degradation of tonotopic relative to temporal 

ues is unknown ( Swanson et al., 2019 ). Studies that bypass clinical 

rocessing and test rate discrimination directly generally conclude 

hat the temporal pitch mechanism is weak and unusable above 

00 Hz ( Carlyon et al., 2010 ; Laneau et al., 2004 ; Macherey and

arlyon, 2014 ; McDermott and McKay, 1997 ; McKay et al., 20 0 0 ;

hannon, 1983 ; Tong et al., 1982 ; Tong and Clark, 1985 ; Zeng,

002 ). However, since many clinical processors poorly encode tem- 

oral cues, it is possible that stimulation rate perception may re- 

uire experience ( Goldsworthy and Shannon, 2014 ; Wouters et al., 

015 ). 
2 
Mechanisms for decoding a sense of pitch based on stimulation 

ate have been put forth based on neural circuitry of the cochlear 

ucleus that receive inputs from broadly tuned regions of the audi- 

ory nerve ( Bahmer and Langner, 2009 ; Golding and Oertel, 2012 ). 

his has led to speculation that multi-electrode stimulation with 

onsistent timing information presented across the electrode ar- 

ay might provide better access to stimulation rate as a cue for 

itch perception ( Venter and Hanekom, 2014 ). The rationale was 

hat the neural mechanisms of the cochlear nucleus would thus 

ave better access to neural events across fibers, which would al- 

ow neural processing along the lines suggested by the Wever vol- 

ey principle ( Wever and Bray, 1937 ). Evidence for an advantage 

or multi-electrode compared to single-electrode stimulation has 

een mixed with some studies finding a small and consistent ben- 

fit of multi-electrode stimulation ( Penninger et al., 2015 ; Venter 

nd Hanekom, 2014 ), while other studies found no significant dif- 

erence ( Bahmer and Baumann, 2013 ; Carlyon et al., 2010 ; Laneau 

nd Wouters, 2004 ; Marimuthu et al., 2016 ). 

Hypothetically, place and rate cues for pitch may also be 

ffected by the health of the auditory nerve. Forward-masked 

hresholds reflect multiple aspects of frequency tuning includ- 

ng electrode-neural geometry and local neural health ( Bierer and 

aulkner, 2010 ; Bissmeyer et al., 2020 ; McKay, 2012 ; Zhou, 2016 ).

he present study aims to explore correlations of forward mask- 

ng with pitch tasks to ascertain whether there is a relationship 

etween an individual’s ability to discriminate pitch and their au- 

itory neural health. 

Studies have explored the combination of place and rate cues 

or pitch with varying results. Fearn and Wolfe (20 0 0) imple- 

ented pitch scaling across electrodes and rates in which the sub- 

ects assigned a value on a numerical scale to the pitch of each 

timulus considered, from 0 for very low pitch to 100 for very high 

itch. They found that pitch perception was strongly a function of 

oth cues, albeit with some saturation for more basally stimulated 

lectrodes and marked saturation for rates above 500 pulses per 

econd. Landsberger et al. (2016) looked at scaling pitch and qual- 

ty for single-electrode stimulation in long-electrode arrays finding 

hat different combinations of place and rate could produce simi- 

ar pitch percepts but with different sound qualities. Schatzer et al. 

2014) showed that the ability of single-sided deafened subjects 

o pitch match cochlear implant stimulation rates to a contralat- 

rally presented acoustic pure tone of fixed frequency was better 

ith apical electrodes for 10 0–30 0 Hz pure tones and basal elec- 

rodes for 450 Hz pure tones, while successful pitch matches could 

e made with medial electrodes across these pure tone frequencies 

 Landsberger et al., 2016 ). Rader et al. (2016) performed a similar 

xperiment but with pitch matching acoustic pure tones to place 

ependent stimulation rates. They found very close acoustic to 

lectrode frequency pitch matches in what they described as “un- 

aralleled restoration of tonotopic pitch perception in CI users with 

ingle-sided deafness” and suggested that place dependent stimu- 

ation rates in CI signal processing could greatly improve pitch per- 

eption. Swanson et al. (2019) explored the contributions of place 

nd rate to pitch percepts with judiciously chosen audio signals 

elivered through the clinical processor and found that rate and 

lace could be used for pitch ranking and melody recognition, but 

hat it could not be ruled out that melody recognition with place 

ues was perceived as brightness/timbre. Place and rate of stimula- 

ion have been posited to be perceptually orthogonal, in that both 

an be used to manipulate pitch percepts, but that they do not 

ombine synergistically ( Landsberger et al., 2018 ; Macherey et al., 

011 ; McKay et al., 20 0 0 ; Tong et al., 1983 ). There is some ev-

dence though that place and temporal pitch cues can be com- 

ined synergistically, though the mechanism of synergy is uncer- 

ain ( Erfanian Saeedi et al., 2017 ; Luo et al., 2012 ; Rader et al.,

016 ; Stohl et al., 2008 ). Whether the place-rate integration is a 
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used synergy of the two cues for a single pitch percept or a per-

eptual weighting of the individual pitch dimensions for a pitch 

udgment, these four studies conclude that some combination of 

hese two cues could improve signal processing strategies opening 

he window for better pitch perception in cochlear implant users. 

The present study tests the primary hypothesis that combining 

timulation place and rate improves frequency discrimination be- 

ond either cue alone. In the first experiment, frequency discrim- 

nation needed to identify melodic contours was measured with 

lace and rate cues, separately and combined. The frequency allo- 

ation used in Experiment 1 was modeled after the default allo- 

ation used on Cochlear Corporation devices. In the second exper- 

ment, a similar place-rate paradigm was used to test frequency 

iscrimination needed for pitch ranking, with frequency allocation 

odified to improve access to low frequencies. Beyond the pri- 

ary hypothesis that frequency discrimination is better provided 

y place and rate cues combined, we tested two secondary hy- 

otheses that (1) broadness of stimulation could improve rate dis- 

rimination and (2) that auditory neural health as measured by 

orward masking has an effect on an individual’s ability to per- 

eive changes in pitch. The results clarify how place and rate cues 

ombine to improve discrimination, which should inform develop- 

ents in sound processing for cochlear implants. 

. Experiment 1: Melodic Contour Identification 

.1. General methods 

.1.1. Subjects 

Seven cochlear implant users participated in this study. Four bi- 

ateral users were tested in each ear separately with the first ear 

ested randomly selected. All subjects were implanted with devices 

rom Cochlear Corporation and were tested using the USC Cochlear 

mplant Research Interface which bypasses the clinical processor to 

rovide precise control over stimulation parameters delivered di- 

ectly through the implant ( Shannon, 2015 ; Shannon et al., 1990 ). 

elevant subject information is provided in Table 1 . C9 had single- 

ided deafness until age 40 (their non-implanted ear information 

as provided for reference of post-lingual hearing). Participants 

rovided informed consent and were paid for their participation. 

he University of Southern California’s Institute Review Board ap- 

roved the study. 

.1.2. Procedure 

The threshold frequency difference that allows 75% identifica- 

ion accuracy for melodic contour identification was measured for 

lace, rate, and combined place-rate cues. The primary hypothesis 

ocused on testing whether melodic contour identification is better 

onveyed by combined place and rate of stimulation than by ei- 

her cue alone. Melodic contour identification was measured using 

 one-interval, nine-alternative, forced-choice procedure. The nine 

elodic contours consisted of five-note patterns including “rising,”
Table 1 

Subject information. Age at time of testing and age at onset of hearing loss is given in ye

estimated from subject interviews. SNHL = sensorineural hearing loss. 

ID Age Gender Ear 

Tested 

Etiology Age at Onset Years 

Implanted 

C1 47 M Both Meniere’s 39 L:1 R:4 

C2 34 F Both Unknown 15 L:11 R:7 

C3 72 F Both Progressive SNHL 40 L:18 R:14 

C4 58 M Both Progressive SNHL Birth L:14 R:1 

C5 80 M Right Noise Induced 40 10 

C8 70 F Right Sudden SNHL 68 1 

C9 72 M Right Unknown L:40 R:Birth 1 

3 
falling,” “flat,” “rising-flat,” “falling-flat,” “rising-falling,” “falling- 

ising,” “flat-rising,” and “flat-falling” ( Crew et al., 2012 ; Galvin 

t al., 2007 ). These nine contours of varying difficulty were pre- 

ented an equal amount of times in pseudorandom order to mea- 

ure overall realistic performance in an adaptive procedure ( Galvin 

t al., 2007 ). Nine experimental conditions were tested including 

ll combinations of three cue types (place, rate, and combined) and 

hree center-note frequencies (10 0, 20 0, and 40 0 Hz) with the clos- 

st match to these center-note frequencies, based on Western mu- 

ic notation, being G2, G3, and G4. The rationale for testing such 

ow frequencies was the similarity of place and temporal resolu- 

ion, the self-reported best frequencies for cochlear implant user’ 

usic appreciation, and to probe performance at ecologically rele- 

ant fundamental frequencies of voicing which cross the range of 

he clinical filter bank. Conditions were repeated three times in 

andom order. Correct-answer feedback was provided on all trials. 

For each trial within a measurement run, the amplitudes of 

he five notes in the contour were randomly and independently 

oved between 90 and 100% (uniform distribution) of the width 

f the subject’s dynamic range (in units of charge per phase—

ecibels re 1 ηCoulomb) as fitted by the logistic function. For each 

rial, the frequency of the third note of the five-note contour was 

oved within a quarter octave of the condition frequency; the third 

ote did not change in the contours, so it was chosen for roving 

ince the note frequencies were defined adaptively relative to the 

oved frequency of the third note. The purpose of frequency roving 

as to add perturbations which contribute to the ecological rel- 

vance of the stimulus (e.g., music played in different keys, vocal 

itch fluctuations) while avoiding habituation to the third note fre- 

uency. The frequency spacing between notes in the melodic con- 

our was adaptively controlled based on performance in this iden- 

ification task. Both the adaptive ceiling and the initial frequency 

pacing between notes were 100% so that the greatest possible dif- 

erence between notes would be an octave; the internote frequency 

pacing for identification was decreased by a factor of 
3 
√ 

2 follow- 

ng correct answers and increased by a factor of 2 following mis- 

akes. This adaptive rule keeps the internote frequency spacing at 

 difficulty level such that the procedure converges to 75% identi- 

cation accuracy, or percent correct ( Kaernbach, 1991 ). A measure- 

ent run continued until 12 mistakes were made and the inter- 

ote threshold was calculated as the average frequency spacing of 

he last 8 reversals. 

.1.3. Loudness balancing 

Detection thresholds and comfortable stimulation levels were 

easured as a function of stimulation rate to provide loudness bal- 

ncing for procedures across electrodes and rates ( Bissmeyer et al., 

020 ; Goldsworthy et al., 2022 , 2021 ). These levels were measured 

n monopolar stimulation mode using a method of adjustment. 

ubjects used a graphical user interface (see Supplementary Fig. 

) with sliders to control and set the threshold and comfort levels 

or each of the eight stimulation rates, from 50 to 6400 Hz in oc- 

ave intervals. Upon adjusting the slider, the subject would hear a 
ars. Duration of profound hearing loss prior to implantation is given in years and 

Implant model Processor Duration of 

Deafness 

Age at 

Implantation 

L:CI532 R:CI24RE (CA) L:N7 R:N7 L:1 R:4 L:46 R:43 

L:CI24RE (CA) R:CI24RE (CA) L:N7 R:N7 L:5 R:1 L:27 R:23 

L:CI24R (CS) R:CI24RE (CA) L:N6 R:N6 L:1 R:5 L:54 R: 58 

L:CI24RE (CA) R:CI532 L:N7 R:N7 L:37 R:50 L:44 R:57 

CI24RE (CA) N6 20 70 

CI522 N7 1 68 

CI532 N7 L:7 R:60 71 
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Fig. 1. Example stimuli for experimental conditions of place, rate, and combined 

place-rate. The melodic contour is “rising”, but the frequency allocation table used 

for the melodic contour identification task, modeled after the frequency allocation 

for typical Cochlear Corporation devices, has a cutoff of 200 Hz limiting the place 

information at the lower frequencies and making it look more like the “flat-rising”

contour for place-of-excitation cues. The first panel shows the condition where 

place of stimulation is varied, and rate is held constant at the center-note frequency. 

The second panel shows the condition where rate of stimulation is varied, and place 

of stimulation is held constant at the center-note frequency. The third panel shows 

the combined place-rate condition with both place and rate covaried for all notes. 

Fig. 2. Internote frequency spacing thresholds for melodic contour identification as 

a function of center-note frequency. Symbols indicate thresholds averaged across 

subjects with shaded error bars showing standard errors of the means. 
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hange in amplitude for a 400 ms pulse train comprised of bipha- 

ic pulses with 25 μs phase durations and 8 μs interphase gaps. 

his pulse shape was designed to provide the necessary charge for 

timulation over a brief phase duration. The chosen phase duration 

orresponds to typical clinical processor settings, and the maxi- 

um amplitude was 255 clinical units as defined by Cochlear Cor- 

oration. Subjects were instructed to adjust stimulation level for 

etection thresholds and for comfortable levels. The resulting de- 

ection thresholds and comfort levels were fit with a logistic equa- 

ion of the form: 

 ( x ) = U − U − L 
(
1 + Qe −Bx 

) 1 
v 
, (1) 

here U and L are the upper and lower limits of the subject’s dy- 

amic range (converted from clinical units to units of charge per 

hase), Q is related to the current level at 100 Hz, B is the rate

y which the current decreases over the frequency range, x is fre- 

uency expressed as log 2 (frequency/100), and v controls asymp- 

otic growth. Fitted logistic equations were used to balance loud- 

ess for all stimuli used in the experiment. 

.1.4. Stimuli 

The internote frequency spacing needed to support melodic 

ontour identification (MCI) was measured using multi-electrode 

timuli. Stimuli were generated by filtering pure tones through a 

lter bank with output envelopes used to define place, rate, and 

lace-rate stimulation patterns. Melodic contours were defined as 

-note sequences of pure tones with tones defined as 200 ms si- 

usoids with 100 ms raised-cosine attack and release ramps. The 

low attack and release times were used to promote a gradual re- 

ruitment of neurons to avoid hyper-synchronization to the first 

ulse ( Carlyon and Deeks, 2015 , 2013 ; Hughes et al., 2014 , 2012 ;

ughes and Laurello, 2017 ). Sequences were filtered through a 

th-order, 22-channel, filter bank. The filter bank used logarith- 

ic frequency allocation with quarter-octave spacing from 200 to 

400 Hz. This logarithmic filter bank was modelled after the quasi- 

ogarithmic frequency allocation table used with Cochlear Corpora- 

ion devices. Filtered outputs were converted to channel envelopes 

sing a Hilbert transform. An “N-of-M” algorithm was used to se- 

ect the 3 channels with the most energy. The output envelopes 

ere then used to control constant-rate pulse trains comprised of 

ulses that were 25 μs in phase duration with 8 μs interphase 

aps with stimulation rate experimentally controlled to provide 

lace, rate, and combined place-rate cues for the frequencies used 

n the melodic contour. Example stimuli are shown in Fig. 1 . 

.1.5. Analyses 

The primary hypothesis tested is that frequency discrimina- 

ion for melodic contour identification is better with combined 

lace and rate of stimulation than with either cue alone. The col- 

ected data consisted of 3 repetitions of 9 conditions (3 stimula- 

ion cue types crossed with 3 center-note frequencies). Hypothe- 

es were tested using a two-way repeated measures analysis of 

ariance with stimulation cue and condition frequency as within- 

ubject factors. All statistics were calculated on logarithmically 

ransformed thresholds to be consistent with the underlying per- 

eptual scale in frequency discrimination and the use of multi- 

licative (rather than additive) steps in the adaptive logic ( Micheyl 

t al., 2006 ). Planned multiple comparisons were used to quantify 

he effect of cue type at each frequency. Cohen’s d was used as a 

easure of effect size ( Cohen, 1992 ). 

.2. Results 

No clear trends emerged in the participants’ performance in the 

p-down procedure. With 12 mistakes necessary to finish a run, 
4 
here were an average of 39.1 trials per run with a standard devi- 

tion of 15.6 trials, and with the longest run being 63 trials long. 

verage internote frequency spacing across all conditions including 

ubject was 35.1% with a standard deviation of 2.5%. Fig. 2 shows 

nternote frequency spacing thresholds needed to support melodic 

ontour identification with place, rate, and combined place-rate 

ues. These internote frequency spacing thresholds are a function 

f the percent difference from the base note frequency. Frequency 

pacing thresholds were better with combined place and rate of 

timulation than with either cue alone. Cue type was significant 

 F (2,20) = 17.17, p < 0.001) with across frequency averages of 52.8% 

or place, 38.6% for rate, and 22.7% for combined cues. The cor- 

esponding comparisons of effect size were large and significant 

hen comparing thresholds with combined cues with either cue 

lone ( d Cohen > 0 . 6 , both comparisons ). As a main effect, frequency

as not significant ( F (2, 20) = 1.13, p = 0.34), reflecting that internote 

requency spacing averaged across cue type changed little with av- 

rages of 34.3% at 100 Hz, 39.9% at 200 Hz, and 34.0% at 400 Hz.

learly, though, the salience of the cue changed with frequency, as 

anifested as a significant interaction between cue type and fre- 

uency ( F (4, 40) = 12.78, p < 0.001). 

Fig. 2 shows the tradeoff in performance between place and 

ate with poor place resolution at lower frequencies and worsen- 

ng rate resolution at higher frequencies. The poor place resolu- 

ion reflects the reduced filter spacing near 100 and 200 Hz. The 
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Fig. 3. Individual internote frequency spacing thresholds for melodic contour as a function of center-note frequency. Symbols indicate internote frequency spacing thresholds 

averaged across repetitions. 
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w

orsening rate resolution at 400 Hz is balanced by an improved 

lace resolution at that frequency. This tradeoff allows for the flat 

erformance from combined place-rate cues as a function of fre- 

uency. Planned multiple comparisons were conducted to test the 

ypothesis that the combined cue performance was better than ei- 

her cue alone at each condition frequency. This analysis indicated 

hat only for the 200 Hz condition was the combined cue perfor- 

ance significantly better than either cue alone (place, p < 0.001; 

ate, p = 0.0135); for the 100 and 400 Hz conditions, the combined 

ue performance was not significantly better than the stronger cue 

rate, p = 0.72 at 100 Hz; place, p = 0.21 at 400 Hz). So, while per-

ormance with combined cues was better than either cue alone as 

 main effect, performance was often driven by the stronger of the 

wo cues. 

Fig. 3 shows individual performance on melodic contour iden- 

ification. Most subjects were able to perform this task but with 

ubstantial variability across subjects and even across ears in bilat- 

ral implant users. Only two subjects had a consistent benefit from 

ombined cues for all frequencies (2R and 9). These results provide 

nsight into individual differences using combined cues for melodic 

ontour identification; for example, some implant users received 

 combined benefit at 400 Hz at a frequency where the ability to 

se rate for melodic contour identification is relatively poor (2L, 

R, 5, and 9), while one subject appeared to be confounded by 

oor rate resolution as combined performance was poorer than 

or the place cue alone at 400 Hz (1R). Most subjects at 400 Hz 

ad combined cue performance consistent with their performance 

ith place cues alone (1L, 3L, 3R, 4L, 4R, and 8). For the bilat-

ral subjects (1–4), Subjects 3 and 4 exhibited markedly different 

erformance between ears, with one ear performing relatively well 

nd the other ear performing near ceiling, while Subjects 1 and 2 

emonstrated similar performance between their respective ears. 

. Experiment 2: Frequency Discrimination 

.1. General methods 

.1.1. Subjects 

The same subjects were tested as in Experiment 1. 
5 
.1.2. Procedure 

Frequency discrimination was measured using a two-interval, 

wo-alternative, forced-choice procedure in which subjects were 

sked which interval was higher in pitch. The condition frequen- 

ies were 10 0, 20 0, 40 0, 80 0, and 160 0 Hz for single and multi-

lectrode stimulation. The primary hypothesis focused on testing 

hether frequency discrimination is better provided by combined 

lace and rate of stimulation than by either cue alone. This was 

ested with place, rate, and place-rate stimuli, with the focus of 

omparing place and rate separately to the combined place-rate 

timulation. There were 15 multi-electrode conditions comprised 

f all combinations of the 3 types of stimuli (place, rate, and com- 

ined place-rate) at the 5 test frequencies. To explore the sec- 

ndary hypothesis of broad stimulation improving rate discrimina- 

ion, 5 single-electrode conditions with rate only for the 5 test fre- 

uencies were tested to be compared to the multi-electrode rate 

timulus at the 5 test frequencies. Conditions were repeated three 

imes in random order. Correct-answer feedback was provided on 

ll trials. 

For each trial within a measurement run, the amplitudes of 

he standard and target were randomly and independently roved 

n the same manner as Experiment 1. For each trial, the fre- 

uency of the standard was roved within a quarter octave of the 

ondition frequency; the target frequency was defined adaptively 

igher relative to the roved standard frequency. The initial dif- 

erence that the target frequency was higher than the standard 

requency was 64% with an adaptive ceiling of 128% frequency 

ifference. The difference for discrimination was decreased by a 

actor of 
3 
√ 

2 after correct answers and increased by a factor of 

 after mistakes. This adaptive rule keeps the frequency spac- 

ng for discrimination at a difficulty level such that the proce- 

ure which converges to 75% correct, ( Kaernbach, 1991 ). The pro- 

edure continued until the participant made 10 mistakes and the 

iscrimination threshold was calculated as the average of the last 

 reversals. 

.1.3. Loudness balancing 

The detection threshold and comfort levels from Experiment 1 

ere used to balance loudness in the same manner. 
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Fig. 4. Example stimuli for experimental conditions of place, rate, and combined 

place-rate. The first panel shows the condition where place of stimulation is varied 

from 100 to 200 Hz and rate is held constant at the base frequency of 100 Hz for 

both the standard and target stimuli. The second panel shows the condition where 

rate of stimulation is varied from 100 to 200 Hz and place of stimulation is held 

constant at the base frequency of 100 Hz for both the standard and target stimuli. 

The third panel shows the combined place-rate condition with both place and rate 

covaried from 100 Hz for the standard stimulus to 200 Hz for the target stimuli. 
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Fig. 5. Frequency discrimination with multi-electrode stimuli averaged across par- 

ticipants for the factors of stimulation cue and frequency with shaded error bars 

showing standard errors of the means. 
.1.4. Stimuli 

Frequency discrimination for pitch ranking was measured for 

oudness balanced single and multi-electrode stimuli. Stimuli were 

reated as described for Experiment 1 but with key differences 

eant to improve place resolution at the lower frequencies. This 

as done by filtering a pure tone through a filter bank and using 

he output envelopes to scale constant-rate pulse trains. The pure 

ones were 40 0 ms sinusoids with 20 0 ms raised-cosine attack and 

elease ramps. Tones were filtered through a 22-channel filter bank 

omprised of second-order filters logarithmically spaced one-third 

ctave apart with center frequencies from 50 to 6400 Hz. This filter 

pacing was modified from the frequency allocation similar to that 

hich is used with Cochlear Corporation devices to provide better 

lace coding of frequencies below 200 Hz. Since participants were 

iven no acclimation period to these programming changes, we 

hose to use a simple pitch ranking task to measure frequency dis- 

rimination. Filtered outputs were converted to channel envelopes 

sing a Hilbert transform. A second processing difference from Ex- 

eriment 1 was that the “N-of-M” algorithm was used to select 

he 5 channels (for the multi-electrode conditions), rather than 3 

hannels, with the most energy to explore the potential benefit of 

roader stimulation. Similar to Experiment 1, these envelopes were 

sed to modulate constant-rate pulse trains comprised of pulses 

hat were 25 μs in phase duration with 8 μs interphase gaps. The 

ate of the constant-rate pulse trains was experimentally controlled 

epending on the condition. For the single-electrode rate only con- 

ition, the channel with the most peak energy was used for stim- 

lation. Example stimuli are shown in Fig. 4 . 

.1.5. Analyses 

The primary hypothesis tested is that frequency discrimina- 

ion is better provided by combined place and rate of stimula- 

ion than by either cue alone. Each subject completed 3 repeti- 

ions of 15 conditions consisting of every combination of stimula- 

ion cue (place, rate, combined) and condition frequency (10 0, 20 0, 

0 0, 80 0, 160 0 Hz). A two-way repeated measures analysis of vari-

nce (ANOVA) with interactions was conducted with cue type and 

requency as within-subject factors. All statistics were calculated 

n logarithmically transformed thresholds ( Micheyl et al., 2006 ). 

lanned multiple comparisons were conducted to examine the ef- 

ect of cue type at each frequency. Cohen’s d was used as a mea-

ure of effect size ( Cohen, 1992 ). 
6 
A secondary hypothesis tested is that consistent stimulation 

ates provided on multiple electrodes can improve rate discrim- 

nation over that with single-electrode stimulation, with the ra- 

ionale that consistent rates on multiple electrodes could improve 

ate discrimination. Each subject completed 3 repetitions of stimu- 

ation rate discrimination for 10 conditions consisting of 2 stimula- 

ion configurations (single, multi) and 5 condition frequencies (100, 

0 0, 40 0, 80 0, 160 0 Hz). A two-way repeated measures ANOVA 

as conducted with stimulation configuration and frequency as 

ithin-subject factors. Planned multiple comparisons were con- 

ucted to test the effect of stimulation configuration at each fre- 

uency. 

Correlation analysis was conducted between the measures 

f frequency discrimination with forward-masked thresholds re- 

orted in a previous study ( Bissmeyer et al., 2020 ). Forward- 

asked thresholds were measured as the probe detection thresh- 

ld on a set of electrodes, 0,1, 2, and 4 electrodes away from 

he masker, presented at a comfortable level. The metric of fre- 

uency tuning based on forward-masked detection was calculated 

s the slope of the thresholds across these electrodes. Five of the 

articipants from the present study (4 of whom were bilateral) 

ook part in Bissmeyer et al. (2020) , and the reported metric of 

requency tuning based on forward-masked detection was tested 

or correlation with the frequency discrimination thresholds mea- 

ured by pitch ranking reported in the present study. The hypoth- 

sis was that an individual’s ability to discriminate pitch would 

e affected their auditory neural health, as measured by forward 

asking. Correlation analysis was conducted between monopolar 

orward-masked thresholds averaged across apical and basal test- 

ng sites and frequency discrimination thresholds averaged across 

requency. 

.2. Results 

No clear trends emerged in the participants’ performance in 

he up-down procedure. With 10 mistakes necessary to complete 

 run, there were an average of 40.1 trials per run with a stan- 

ard deviation of 10.7 trials, and with the longest run being 60 

rials long. Average frequency discrimination across all conditions 

ncluding subject was 15.4% with a standard deviation of 3.2%. 

ig. 5 shows the benefit of combining place and rate cues com- 

ared to place or rate cues alone. Average discrimination was bet- 

er with combined place and rate cues than with either cue alone 

 F (2,20) = 26.91, p < 0.001). The grand means for stimulation cue 

veraged across frequency were 18.4% for place, 19.6% for rate, and 

.0% for the combined cue conditions. This benefit of the combined 

ue condition was large and significant when compared to place or 

ate alone ( d > 0 . 7 , both comparisons ). 
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Fig. 6. Individual frequency discrimination as a function of frequency. Symbols show discrimination thresholds averaged across repetitions for each cue type. 
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Fig. 7. Single and multi-electrode rate discrimination as a function of frequency. 

Symbols indicate discrimination thresholds averaged across subjects with shaded 

error bars indicating standard errors of the means. 
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As shown in Fig. 5 , rate discrimination thresholds exhibit the 

haracteristic trend of worsening for higher rates. In contrast, place 

iscrimination is relatively flat but with an average best perfor- 

ance near 400 Hz, which corresponds to a location near electrode 

 for the frequency allocation used in this experiment. Discrimina- 

ion for the combined cue condition tracks the better of the two 

ues with a significant and synergistic improvement measured for 

he 10 0, 20 0, and 40 0 Hz conditions. These observations were sta-

istically confirmed with a clear effect of frequency on discrimina- 

ion thresholds with worsening thresholds for higher frequencies 

 F (4,40) = 22.18, p < 0.001), and there was a significant interaction 

etween stimulation cue and frequency ( F (8,80) = 14.79, p < 0.001). 

Planned multiple comparisons were calculated to test the hy- 

othesis that the combined cue would provide better discrimina- 

ion over either cue alone for each frequency. The multiple com- 

arisons test was conducted with Fisher’s least significant differ- 

nce. Measured discrimination thresholds were significantly bet- 

er for the combined cue than for either cue alone for the 100 

place, p < 0.001; rate, p = 0.02), 200 (place, p < 0.001), and

00 (place, p = 0.047; rate, p = 0.0055) Hz conditions, except for 

ate discrimination at 200 Hz not reaching significance ( p = 0.074). 

he effect sizes of these comparisons were large ( d Cohen > 0 . 4 ). For

he 800 and 1600 Hz conditions, rate discrimination was signifi- 

antly worse than for the combined cue condition ( p < 0.001), 

nd place discrimination was not significantly different from the 

ombined cue condition ( p = 0.38 and p = 0.59, respectively). Place 

nd rate discrimination were significantly different for all frequen- 

ies ( p < 0.01) except for 400 Hz ( p = 0.14), with the stronger cue

witching between 200 and 400 Hz. 

Fig. 6 plots individual discrimination demonstrating that perfor- 

ance is highly variable. For rate cues, some implant users strug- 

le above 200 Hz (e.g., 4L), while others have discrimination res- 

lution better than 10% for frequencies up to 800 Hz (e.g., 1R). 

or place cues, some implant users struggle with electrode dis- 

rimination and their performance is consistently poor (e.g., 3R), 

hile others are consistently flat hovering around 15% discrimina- 

ion (e.g., 1 L). These results provide insight into individual benefit 

rom combined cues; for example, some implant users receive a 

enefit at 1600 Hz at a frequency where rate discrimination is rel- 

tively poor (3L, 3R, 4L, 5, and 9), while others appear to be con- 

ounded by the poor rate cue and combined performance is worse 

or the place cue alone at 1600 Hz (1R, 2L, 4R, and 8). 
t

7 
Considering differences across ears within the same participant, 

ubject 1L had a place-rate benefit from 200 to 800 Hz over either 

ue alone while 1R did not have a significant place-rate benefit for 

ny frequency. Subject 4 is the only bilateral user who had similar 

erformance across ears and, interestingly, had poor use of place 

nd rate cues at higher frequencies. Each participant, and some- 

imes the same participant across ears, receive varying benefits 

rom different cues. 

In Fig. 7 , we explore the secondary hypothesis of whether rate 

iscrimination is better with multi-electrode than with single- 

lectrode stimulation. The results show that the effect of stimu- 

ation configuration was significant ( F (1,10) = 22.2, p < 0.001), with 

ingle-electrode rate discrimination averaged across frequency 

14.2%) significantly better than multi-electrode rate discrimina- 

ion (19.6%) (d Cohen = 0 . 27 ). The effect of stimulation rate was sig-

ificant ( F (4,40) = 32.1, p < 0.001), reflecting the well-established 

eterioration of discrimination for increasing rates. The interac- 

ion between stimulation configuration and rate was not significant 

 F (4,40) = 1.6, p = 0.19), reflecting the similar trend as a function of

requency after adjusting for mean differences. 

Planned multiple comparisons were calculated to test the 

ignificance of stimulation configuration for each frequency 

ith Fisher’s least significant difference. Measured discrimina- 

ion thresholds were significantly better with single-electrode 
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Fig. 8. Correlations between forward-masked threshold slopes normalized by the subtraction of the average with frequency discrimination thresholds for subjects 1 through 

5 for the stimulation cues of place, rate, place-rate, and single-electrode rate. 
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han with multi-electrode stimulation for the 100 ( p = 0.004), 400 

 p = 0.038), and 800 ( p = 0.0025) Hz conditions. The effect sizes of

hese comparisons were large ( d Cohen > 0 . 4 , all comparisons ). 

Forward-masked detection thresholds were examined to test 

he hypothesis that degradations in frequency tuning—reflecting 

lectrode-neural geometry, local neural health, and tonotopic pitch 

ssociated with different places of excitation—affect temporal and 

onotopic pitch mechanisms ( Bierer and Faulkner, 2010 ; Bissmeyer 

t al., 2020 ; McKay, 2012 ; Zhou, 2016 ; Zhou et al., 2019 ). Fig. 8

hows the correlation of forward-masked slopes, see methods in 

issmeyer et al. (2020) , with frequency discrimination for the 

ubset of 5 overlapping subjects in the present study (1–5) for 

ll stimulation cues (place, rate, place-rate, and single-electrode 

ate). Frequency discrimination based on place cues yielded a 

eakly significant positive correlation ( p = 0.053) indicating bet- 

er than average place discrimination for steeper than average 

orward-masked slopes. The correlations for rate ( p = 0.008), place- 

ate ( p = 0.017), and single-electrode rate ( p = 0.004) were signifi-

ant, likewise indicating better discrimination for steeper forward- 

asked slopes. The consistent trend across correlations was that 

teeper forward-masked slopes, or sharper frequency tuning, cor- 

elated with better than average frequency discrimination. 

A correlation between performance on Experiments 1 and 2 

as done to explore whether those who performed better at sim- 

le frequency discrimination also performed better at melodic con- 

our identification. The position correlation indicating better per- 

ormance on one task was predictive of the other held up for 

he place cue only ( p = 0.062) albeit insignificantly, rate cue only 

 p = 0.037), combined place-rate cue ( p = 0.029), and performance 

veraged across the cue conditions ( p = 0.011). Correlations were 

lso explored for place cue vs rate cue performance for both ex- 

eriments to explore any individualized preference for tonotopic 

s temporal cues. Albeit insignificant, a positive trending correla- 

ion was found with subjects performing better at tonotopic cues 

lso performing better with temporal cues for both frequency dis- 

rimination ( p = 0.25) and melodic contour identification ( p = 0.21). 

The performance at both experiments was then correlated with 

ge, duration of deafness before implantation and duration of 

ochlear implant experience. Fig. 9 shows the 2 correlations which 

eached or neared significance, as well as the corresponding pairs 
o

8 
o these correlations which did not. Melodic contour identifica- 

ion based on rate cues yielded a significant positive correlation 

ith duration of cochlear implant experience ( p = 0.034) indicating 

etter than average place discrimination for steeper than average 

orward-masked slopes. Frequency discrimination based on rate 

ues reached a near significant positive correlation with duration 

f deafness before implantation ( p = 0.058). Neither melodic con- 

our identification correlated with duration of deafness before im- 

lantation ( p = 0.63) nor frequency discrimination correlated with 

uration of cochlear implant experience ( p = 0.39) reached sig- 

ificance but were plotted to demonstrate the positive but in- 

ignificant pairing to the significant correlations. The consistent 

rend across correlations was that rate discrimination is better for 

horter duration of deafness before implantation and for shorter 

uration of CI experience. One possibility is that those who have 

onger durations of implantation may be less sensitive to temporal 

ues since the processor does not encode temporal fine structure. 

. Discussion 

The primary hypothesis tested by the experiments described 

ere is that coordinated use of place and rate of stimulation can 

nhance frequency discrimination for cochlear implant users. This 

ypothesis was substantiated in both experiments with significant 

mprovements observed with combined place and rate of stimu- 

ation. That coordinated use of place and rate can improve basic 

requency discrimination as well as melodic contour identification 

otivates careful consideration of how these cues are provided 

y cochlear implants. A secondary hypothesis was tested in Ex- 

eriment 2, that multi-electrode stimulation provides better access 

o stimulation rate cues compared to single-electrode stimulation. 

he evidence indicates the contrary, that single-electrode stimula- 

ion provides better rate discrimination. Discussion focuses on the 

linical implications of these two findings. 

.1. Coordinated place and rate of stimulation for cochlear implants 

Cochlear implant users hear a sense of pitch associated with 

oth place and rate of stimulation. Place of stimulation makes use 

f the basic tonotopy of the auditory system with more deeply im- 
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Fig. 9. Correlations between rate discrimination, as measured by melodic contour and simple frequency discrimination, and the metrics of duration of deafness before 

implantation and cochlear implant experience. 
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lanted electrodes typically evoking lower pitch percepts. In clini- 

al programming, the way acoustic frequency is allocated to elec- 

rodes is flexible. Different manufacturers use different rules for 

requency allocation and audiologists may tailor allocation for indi- 

iduals. The default frequency allocation for Cochlear Corporation 

evices uses a lower frequency edge of 188 Hz with center frequen- 

ies of filters spaced 125 Hz apart until the middle of the array at 

hich point transitioning to quasi-logarithmic spacing. With such 

pacing, only the most apical electrode is allocated to the region 

epresenting the typical range of fundamental frequencies of spo- 

en speech in adults. The default frequency allocation for Advanced 

ionics devices uses logarithmic spacing with a lower frequency 

dge of 333 Hz. A rationale for providing little or no frequency al- 

ocation below 333 Hz is that fundamental frequencies of speech 

ill manifest in the temporal envelopes extracted from each band. 

owever, few studies have considered the extent that a dense fre- 

uency allocation in the range of fundamental frequencies for spo- 

en speech might improve pitch perception ( Geurts and Wouters, 

004 ). 

In the present study, Experiment 1 considered frequency allo- 

ation similar to Cochlear Corporation devices, while Experiment 

 considered a denser frequency allocation with logarithmically 

paced filters from 50 to 6400 Hz with one-third octave spacing 

roviding more resolution in the lower frequencies. With the spac- 

ng in Experiment 2, participants could, on average, discriminate 

itch changes of about 15% based on changes in place of stimu- 

ation. This is remarkable since the experiment was a short-term 

xperiment without familiarization to this cue. The tradeoff that 

ust be considered, though, is the extent that increasing the den- 

ity of allocation to low frequencies in the voice pitch range re- 

uces the density of allocation of higher frequencies in the range 

f formant frequencies. It is difficult to explore this tradeoff be- 

ause frequency allocation is such a basic element of cochlear im- 

lant programming that modifying it can require months to adjust 

o depending on the extent of the changes. Longitudinal systematic 

tudies of allocation are needed. 

Stimulation rate, whether as modulation rate or as variable 

ulse rate, also evokes a consistent sense of pitch for cochlear 

mplant users. Most cochlear implants use modulation rates of 
9

onstant-rate pulsatile stimulation to convey periodicity cues for 

itch, though some strategies use stimulation that is triggered by 

hase locking stimulation to the temporal fine structure of sound 

n each frequency band ( Arnoldner et al., 2007 ; van Hoesel and 

yler, 2003 ; Wouters et al., 2015 ). The provision of this tempo- 

al information does not covary with place of stimulation in ex- 

sting cochlear implants. Specifically, the place and rate of stimu- 

ation is not coordinated such that higher frequencies cause both 

n increase in modulation rate and a basal shift in stimulation 

lace ( Arnoldner et al., 2007 ; Riss et al., 2014 ). Instead, the rate

f stimulation is like that of normal hearing when listening to un- 

esolved harmonics, where only temporal cues are available for 

itch ( Moore and Carlyon, 2005 ; Swanson et al., 2019 ). Evidence 

learly indicates that pitch resolution is better provided in normal 

earing when covarying place and rate cues are provided for low- 

umbered, tonotopically resolved, harmonics ( Bernstein and Oxen- 

am, 2006 ; Houtsma and Smurzynski, 1990 ; Kaernbach and Bering, 

001 ; Shackleton and Carlyon, 1994 ). 

The results of the present experiments indicate that stimulation 

ate provides a robust cue for detecting pitch changes at least up 

o 400 Hz. Discrimination of pitch changes based on stimulation 

ate was, on average, better than 10% when tested near 100 and 

00 Hz but degraded to about 20% near 400 Hz. The combined use 

f place and rate of stimulation provided better frequency discrim- 

nation than either cue alone for these frequencies; however, dis- 

rimination with the combined cue was generally only marginally 

etter than with the stronger of the two cues. This finding sug- 

ests that optimal encoding of place and rate cues would benefit 

rom detailed and individualized characterization of cue strength. 

uch an optimization might follow the approach presented here 

ut with familiarization to the jointly encoded place-rate cues. The 

amiliarization process is important since there is clear evidence 

f rehabilitative plasticity associated with both place and rate of 

timulation ( Goldsworthy and Shannon, 2014 ; Reiss et al., 2014 ). 

.2. Does broad stimulation provide better access to rate pitch cues? 

The present study included a component in Experiment 2 that 

irectly compared rate discrimination with multi-electrode and 
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ingle-electrode stimulation. Contrary to the argument for multi- 

lectrode stimulation, the results presented here indicate a small 

ut significant advantage for single-electrode stimulation. Our in- 

erpretation of this finding is that single-electrode stimulation is 

emporally more precise since it avoids the smearing of temporal 

nformation that necessarily must occur with Cochlear Corporation 

evices, which require a 12 μs delay between pulses across elec- 

rodes ( Boulet et al., 2016 ). Stimulation used in the present study 

as presented base to apex, so would have been grossly consistent 

ith physiological compensatory mechanisms for delay, but, in the 

escribed experiment, delays were not tailored to cochlear delays 

f characteristic frequencies estimated from electrode positions. It 

s possible that the sense of pitch provided by stimulation rate us- 

ng multiple electrodes could be optimized by tailoring the stim- 

lus delay either psychophysically or by physiological estimates. 

his, however, is speculation and it may well be that the physi- 

logical compensatory mechanisms may not exist for cochlear im- 

lant users who do not receiving the traveling wave through their 

rocessor. 

We further postulate that any need for stimulating broad re- 

ions of the auditory nerve to provide sufficient across fiber ex- 

itations for upstream decoding to take place is already pro- 

ided by the broad stimulation patterns that occur for a single- 

lectrode using monopolar stimulation ( Middlebrooks and Snyder, 

010 ). This is supported by the observed correlation of forward- 

asked threshold slopes with frequency discrimination indicating 

etter place and rate discrimination with narrower fields of stimu- 

ation as quantified by steeper forward-masked slopes. That better 

ate discrimination was positively correlated with steeper forward- 

asked slopes suggests that both single and multi-electrode stim- 

lation are broad enough to provide across fiber comparisons for 

pstream decoding, with narrower stimulation providing an ad- 

antage because it avoids unnecessary temporal smearing. That 

etter place discrimination was positively correlated with steeper 

orward-masked slopes suggests that place-pitch judgements par- 

ially depend on comparisons of the overall excitation pattern and 

ot simply the centroid of the response. The small but consistent 

enefit for single-electrode compared to multi-electrode stimula- 

ion for rate discrimination highlights how a relatively narrow field 

f stimulation may provide better frequency access to both place 

nd rate cues for cochlear implant users. 

. Conclusions 

Two experiments were described that examined the sense of 

itch conveyed by electrode position and stimulation rate, sepa- 

ately and combined, for cochlear implant users. Results indicate 

hat frequency discrimination was generally better with place and 

ate cues combined than with either cue alone; however, resolu- 

ion was often dominated by the stronger of the two cues. A syn- 

rgistic benefit of combined cues was measured up to 400 Hz for 

he simple frequency discrimination task. It remains unknown to 

hat extent covarying stimulation place and rate in clinical de- 

ices could lead to long-term benefits after optimizing frequency 

llocation and providing familiarization to the newly encoded in- 

ormation. 

unding 

This work was supported by the USC Tina and Rick Caruso De- 

artment of Otolaryngology (RLG and SRSB), NIH NIDCD Grant T32 

C009975-10 (SRSB) and NIH NIDCD Grant R01 DC018701 (RLG 

nd SRSB) ( https://keck.usc.edu/otolaryngology/ ; https://dornsife. 

sc.edu/hcn/ ; https://www.nidcd.nih.gov/ ). The funders had no role 

n study design, data collection and analysis, decision to publish, or 

reparation of the manuscript. 
10 
RediT authorship contribution statement 

Susan R.S. Bissmeyer: Conceptualization, Data curation, For- 

al analysis, Investigation, Methodology, Software, Validation, Vi- 

ualization, Writing – original draft, Writing – review & edit- 

ng. Raymond L. Goldsworthy: Conceptualization, Formal analysis, 

unding acquisition, Investigation, Methodology, Project adminis- 

ration, Resources, Software, Supervision, Validation, Visualization, 

riting – review & editing. 

cknowledgments 

The authors would like to thank our cochlear implant subjects 

ho worked tirelessly on testing. Portions of this article were pre- 

ented at the 2019 Conference on Implantable Auditory Prosthe- 

es, Lake Tahoe, California, July 16, 2019 and at the 178th Meeting 

f the Acoustical Society of America, San Diego, California, Dec 5, 

019. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.heares.2022.108583 . 

eferences 

mbert-Dahan, E., Giraud, A.L., Sterkers, O., Samson, S., 2015. Judgment of musical 
emotions after cochlear implantation in adults with progressive deafness. Front. 

Psychol. 6, 1–11. doi: 10.3389/fpsyg.2015.00181 . 

rnoldner, C., Riss, D., Brunner, M., Durisin, M., Baumgartner, W.D., Hamzavi, J.S., 
2007. Speech and music perception with the new fine structure speech cod- 

ing strategy: preliminary results. Acta Otolaryngol. 127, 1298–1303. doi: 10.1080/ 
0 0 016480701275261 , (Stockh.) . 

ttneave, F., Olson, R.K.EXARC Experimental Archaeology Collection Manager, 1971. 
Pitch as a medium: a new approach to psychophysical scaling. Am. J. Psychol. 

84, 147–166 . 

ahmer, A., Baumann, U., 2013. New parallel stimulation strategies revisited: effect 
of synchronous multi electrode stimulation on rate discrimination in cochlear 

implant users. Cochlear Implants Int. 14, 142–149. doi: 10.1179/1754762812Y. 
0 0 0 0 0 0 0 011 . 

ahmer, A., Langner, G., 2009. A simulation of chopper neurons in the cochlear 
nucleus with wideband input from onset neurons. Biol. Cybern. 100, 21–33. 

doi: 10.10 07/s0 0422-0 08-0276-3 . 

ernstein, J.G.W., Oxenham, A.J., 2006. The relationship between frequency selectiv- 
ity and pitch discrimination: effects of stimulus level. J. Acoust. Soc. Am. 120, 

3916–3928. doi: 10.1121/1.2372451 . 
ierer, J.A., Faulkner, K.F., 2010. Identifying cochlear implant channels with 

poor electrode-neuron interface: partial tripolar, single-channel thresholds 
and psychophysical tuning curves. Ear Hear 31, 247–258. doi: 10.1097/AUD. 

0b013e3181c7daf4 . 

issmeyer, S.R.S., Hossain, S., Goldsworthy, R.L., 2020. Perceptual learning of pitch 
provided by cochlear implant stimulation rate. PLoS One 15, e0242842. doi: 10. 

1371/journal.pone.0242842 . 
oulet, J., White, M., Bruce, I.C., 2016. Temporal considerations for stimulating spiral 

ganglion neurons with cochlear implants. J. Assoc. Res. Otolaryngol. 17, 1–17. 
doi: 10.1007/s10162-015-0545-5 , JARO N. Y. . 

runs, L., Mürbe, D., Hahne, A., 2016. Understanding music with cochlear implants. 

Sci. Rep. 6. doi: 10.1038/srep32026 . 
aldwell, A., Nittrouer, S., 2013. Speech perception in noise by children 

with cochlear implants. J. Speech Lang. Hear. Res. 56, 13–30. doi: 10.1044/ 
1092- 4388(2012/11- 0338) , JSLHR . 

arlyon, R.P., Deeks, J.M., 2015. Combined neural and behavioural measures of tem- 
poral pitch perception in cochlear implant users. J. Acoust. Soc. Am. 138, 2885–

2905. doi: 10.1121/1.4934275 . 

arlyon, R.P., Deeks, J.M., Moore, B.C.J., Patterson, R.D., Winter, I.M., Carlyon, R.P., 
Gockel, H.E., 2013. Relationships between auditory nerve activity and temporal 

pitch perception in cochlear implant users. In: Basic Aspects of Hearing, Ad- 
vances in Experimental Medicine and Biology. Springer, New York, NY, pp. 363–

371. doi: 10.1007/978- 1- 4614- 1590- 9 _ 40 . 
arlyon, R.P., Deeks, J.M., McKay, C.M., 2010. The upper limit of temporal pitch for 

cochlear-implant listeners: stimulus duration, conditioner pulses, and the num- 
ber of electrodes stimulated. J. Acoust. Soc. Am. 127, 1469–1478. doi: 10.1121/1. 

3291981 . 

arlyon, R.P., Long, C.J., Micheyl, C., 2012. Across-channel timing differences as a 
potential code for the frequency of pure tones. J. Assoc. Res. Otolaryngol. 13, 

159–171. doi: 10.1007/s10162-011-0305-0 . 
lopton, B.M., Winfield, J.A., Flammino, F.J., 1974. Tonotopic organization: review 

and analysis. Brain Res. 76, 1–20. doi: 10.1016/0 0 06- 8993(74)90509- 5 . 

https://www.keck.usc.edu/otolaryngology/
https://www.dornsife.usc.edu/hcn/
https://www.nidcd.nih.gov/
https://doi.org/10.1016/j.heares.2022.108583
https://doi.org/10.3389/fpsyg.2015.00181
https://doi.org/10.1080/00016480701275261
http://refhub.elsevier.com/S0378-5955(22)00152-6/sbref0003
https://doi.org/10.1179/1754762812Y.0000000011
https://doi.org/10.1007/s00422-008-0276-3
https://doi.org/10.1121/1.2372451
https://doi.org/10.1097/AUD.0b013e3181c7daf4
https://doi.org/10.1371/journal.pone.0242842
https://doi.org/10.1007/s10162-015-0545-5
https://doi.org/10.1038/srep32026
https://doi.org/10.1044/1092-4388(2012/11-0338)
https://doi.org/10.1121/1.4934275
https://doi.org/10.1007/978-1-4614-1590-9_40
https://doi.org/10.1121/1.3291981
https://doi.org/10.1007/s10162-011-0305-0
https://doi.org/10.1016/0006-8993(74)90509-5


S.R.S. Bissmeyer and R.L. Goldsworthy Hearing Research 424 (2022) 108583 

C  

C

D

d

D

D

E

F  

F

F

G

G

G  

G  

G

G

G

G

G

G

H

H

H

H

H

H

K

K

K  

K

L

L

L

L

L

L

L

L

L

L

L

L

L

L

L

M

M

M

M

M

M

M

M  

M

M

M

M

ohen, J., 1992. Statistical power analysis. Curr. Dir. Psychol. Sci. 1, 98–101. doi: 10.
1111/1467-8721.ep10768783 . 

rew, J.D., Galvin, J.J., Fu, Q.J., 2012. Channel interaction limits melodic pitch per- 
ception in simulated cochlear implants. J. Acoust. Soc. Am. 132, EL429–EL435. 

doi: 10.1121/1.4758770 . 
eroche, M.L.D., Lu, H.P., Limb, C.J., Lin, Y.S., Chatterjee, M., 2014. Deficits in the 

pitch sensitivity of cochlear-implanted children speaking english or Mandarin. 
Front. Neurosci. 8, 282. doi: 10.3389/fnins.2014.00282 . 

o Nascimento, L.T., Bevilacqua, M.C., 2005. Evaluation of speech perception in noise 

in cochlear implanted adults. Braz. J. Otorhinolaryngol. 71, 432–438. doi: 10. 
1016/S1808-8694(15)31195-2 . 

reyer, A., Delgutte, B., 2006. Phase locking of auditory-nerve fibers to the en- 
velopes of high-frequency sounds: implications for sound localization. J. Neu- 

rophysiol. 96, 2327–2341. doi: 10.1152/jn.0 0326.20 06 . 
ynes, S.B.C., Delgutte, B., 1992. Phase-locking of auditory-nerve discharges to si- 

nusoidal electric stimulation of the cochlea. Hear. Res. 58, 79–90. doi: 10.1016/ 

0378- 5955(92)90011- B . 
rfanian Saeedi, N., Blamey, P.J., Burkitt, A.N., Grayden, D.B., 2017. An integrated 

model of pitch perception incorporating place and temporal pitch codes with 
application to cochlear implant research. Hear. Res. 344, 135–147. doi: 10.1016/j. 

heares.2016.11.005 . 
earn, R., Wolfe, J., 20 0 0. Relative importance of rate and place: experiments us-

ing pitch scaling techniques with cochlear implant recipients. Ann. Otol. Rhinol. 

Laryngol. 109, 51–53. doi: 10.1177/0 0 0348940 0109S1221 . 
ekete, D.M., Rouiller, E.M., Liberman, M.C., Ryugo, D.K., 1984. The central projec- 

tions of intracellularly labeled auditory nerve fibers in cats. J. Comp. Neurol. 
229, 432–450. doi: 10.1002/cne.902290311 . 

u, Q.J., Nogaki, G., 2005. Noise susceptibility of cochlear implant users: the role 
of spectral resolution and smearing. J. Assoc. Res. Otolaryngol. 6, 19–27. doi: 10. 

1007/s10162- 004- 5024- 3 , JARO . 

alvin, J.J.I., Fu, Q.J., Nogaki, G., 2007. Melodic contour identification by 
cochlear implant listeners. Ear Hear. 28, 302. doi: 10.1097/01.aud.0 0 0 0261689. 

35445.20 . 
eurts, L., Wouters, J., 2004. Better place-coding of the fundamental frequency in 

cochlear implants. J. Acoust. Soc. Am. 115, 844–852. doi: 10.1121/1.1642623 . 
feller, K., Christ, A., Knutson, J.F., Witt, S., Murray, K.T., Tyler, R.S., 20 0 0. Musical

backgrounds, listening habits, and aesthetic enjoyment of adult cochlear im- 

plant recipients. J. Am. Acad. Audiol. 11, 390–406 . 
ilbers, S., Fuller, C., Gilbers, D., Broersma, M., Goudbeek, M., Free, R., Ba ̧s kent, D.,

2015. Normal-hearing listeners’ and cochlear implant users’ perception of pitch 
cues in emotional speech. IPerception 6, 1–19. doi: 10.1177/0301006615599139 . 

olding, N.L., Oertel, D., 2012. Synaptic integration in dendrites: exceptional need 
for speed. J. Physiol. 590, 5563–5569. doi: 10.1113/jphysiol.2012.229328 . 

oldsworthy, R.L., 2015. Correlations between pitch and phoneme perception in 

cochlear implant users and their normal hearing peers. J. Assoc. Res. Otolaryn- 
gol. 16, 797–809. doi: 10.1007/s10162-015-0541-9 , JARO . 

oldsworthy, R.L., Bissmeyer, S.R.S., Camarena, A., 2022. Advantages of pulse rate 
compared to modulation frequency for temporal pitch perception in cochlear 

implant users. J. Assoc. Res. Otolaryngol. doi: 10.1007/s10162- 021- 00828- w . 
oldsworthy, R.L., Camarena, A., Bissmeyer, S.R.S., 2021. Pitch perception is more 

robust to interference and better resolved when provided by pulse rate than by 
modulation frequency of cochlear implant stimulation. Hear. Res. 409, 108319. 

doi: 10.1016/j.heares.2021.108319 . 

oldsworthy, R.L., Delhorne, L.A., Braida, L.D., Reed, C.M., 2013. Psychoacoustic and 
phoneme identification measures in cochlear-implant and normal-hearing lis- 

teners. Trends Amplif. 17, 27–44. doi: 10.1177/1084713813477244 . 
oldsworthy, R.L., Shannon, R.V., 2014. Training improves cochlear implant rate dis- 

crimination on a psychophysical task. J. Acoust. Soc. Am. 135, 334–341. doi: 10. 
1121/1.4835735 . 

einz, M.G., Colburn, H.S., Carney, L.H., 2001. Evaluating auditory performance lim- 

its: I. One-parameter discrimination using a computational model for the audi- 
tory nerve. Neural. Comput. 13, 2273–2316. doi: 10.1162/089976601750541804 . 

ill, K.G., Stange, G., Mo, J., 1989. Temporal synchronization in the primary audi- 
tory response in the pigeon. Hear. Res. 39, 63–73. doi: 10.1016/0378-5955(89) 

90082-8 . 
outsma, A.J.M., Smurzynski, J., 1990. Pitch identification and discrimination for 

complex tones with many harmonics. J. Acoust. Soc. Am. 87, 304–310. doi: 10. 

1121/1.399297 . 
ughes, M.L., Baudhuin, J.L., Goehring, J.L., 2014. The relation between auditory- 

nerve temporal responses and perceptual rate integration in cochlear implants. 
Hear. Res. 316, 44–56. doi: 10.1016/j.heares.2014.07.007 . 

ughes, M.L., Castioni, E.E., Goehring, J.L., Baudhuin, J.L., 2012. Temporal response 
properties of the auditory nerve: data from human cochlear-implant recipients. 

Hear. Res. 285, 46–57. doi: 10.1016/j.heares.2012.01.010 . 

ughes, M.L., Laurello, S.A., 2017. Effect of stimulus level on the temporal response 
properties of the auditory nerve in cochlear implants. Hear. Res. 351, 116–129. 

doi: 10.1016/j.heares.2017.06.004 . 
aernbach, C., 1991. Simple adaptive testing with the weighted up-down method. 

Percept. Psychophys. 49, 227–229. doi: 10.3758/BF03214307 . 
aernbach, C., Bering, C., 2001. Exploring the temporal mechanism involved in the 

pitch of unresolved harmonics. J. Acoust. Soc. Am. 110, 1039–1048. doi: 10.1121/ 

1.1381535 . 
enway, B., Tam, Y.C., Vanat, Z., Harris, F., Gray, R., Birchall, J., Carlyon, R.,

Axon, P., 2015. Pitch discrimination: an independent factor in cochlear im- 
plant performance outcomes. Otol. Neurotol. 36, 1472–1479. doi: 10.1097/MAO. 

0 0 0 0 0 0 0 0 0 0 0 0 0845 . 
11
won, B.J., van den Honert, C., 2006. Dual-electrode pitch discrimination with se- 
quential interleaved stimulation by cochlear implant users. J. Acoust. Soc. Am. 

120, EL1–EL6. doi: 10.1121/1.2208152 . 
andsberger, D.M., Marozeau, J., Mertens, G., Van de Heyning, P., 2018. The relation- 

ship between time and place coding with cochlear implants with long electrode 
arrays. J. Acoust. Soc. Am. 144, EL509–EL514. doi: 10.1121/1.5081472 . 

andsberger, D.M., Srinivasan, A.G., 2009. Virtual channel discrimination is improved 
by current focusing in cochlear implant recipients. Hear. Res. 254, 34–41. doi: 10. 

1016/j.heares.20 09.04.0 07 . 

andsberger, D.M., Vermeire, K., Claes, A., Van Rompaey, V., Van de Heyning, P., 
2016. Qualities of single electrode stimulation as a function of rate and place 

of stimulation with a cochlear implant. Ear Hear. 37, e149–e159. doi: 10.1097/ 
AUD.0 0 0 0 0 0 0 0 0 0 0 0 0250 . 

aneau, J., Wouters, J., 2004. Multichannel place pitch sensitivity in cochlear 
implant recipients. J. Assoc. Res. Otolaryngol. 5, 285–294. doi: 10.1007/ 

s10162- 004- 4049- y . 

aneau, J., Wouters, J., Moonen, M., 2004. Relative contributions of temporal and 
place pitch cues to fundamental frequency discrimination in cochlear im- 

plantees. J. Acoust. Soc. Am. 116, 3606–3619. doi: 10.1121/1.1823311 . 
assaletta, L., Castro, A., Bastarrica, M., Pérez-Mora, R., Herrán, B., Sanz, L., de Sar- 

riá, M.J., Gavilán, J., 2008. Changes in listening habits and quality of musi- 
cal sound after cochlear implantation. Otolaryngol. Neck Surg. 138, 363–367. 

doi: 10.1016/j.otohns.2007.11.028 . 

assaletta, L., Castro, A., Bastarrica, M., Pérez-Mora, R., Madero, R., De Sarriá, J., 
Gavilán, J., 2007. Does music perception have an impact on quality of life 

following cochlear implantation? Acta Otolaryngol. 127, 6 82–6 86. doi: 10.1080/ 
0 0 016480601002112 , (Stockh.) . 

iberman, M.C., 1982. The cochlear frequency map for the cat: labeling auditory- 
nerve fibers of known characteristic frequency. J. Acoust. Soc. Am. 72, 1441–

1449. doi: 10.1121/1.388677 . 

itvak, L.M., Delgutte, B., Eddington, D.K., 2003. Improved temporal coding of sinu- 
soids in electric stimulation of the auditory nerve using desynchronizing pulse 

trains. J. Acoust. Soc. Am. 114, 2079–2098. doi: 10.1121/1.1612493 . 
ooi, V., Gfeller, K., Driscoll, V., 2012. Music appreciation and training for 

cochlear implant recipients: a review. Semin. Hear. 33, 307–334. doi: 10.1055/ 
s- 0032- 1329222 . 

ooi, V., McDermott, H., McKay, C., Hickson, L., 2008. Music perception of cochlear 

implant users compared with that of hearing aid users. Ear Hear. 29, 421–434. 
doi: 10.1097/AUD.0b013e31816a0d0b . 

ooi, V., She, J., 2010. Music perception of cochlear implant users: a questionnaire, 
and its implications for a music training program. Int. J. Audiol. 49, 116–128. 

doi: 10.3109/14992020903405987 . 
uo, X., Fu, Q.J., Galvin, J.J., 2007. Cochlear implants special issue article: vocal emo- 

tion recognition by normal-hearing listeners and cochlear implant users. Trends 

Amplif. 11, 301–315. doi: 10.1177/1084713807305301 . 
uo, X., Padilla, M., Landsberger, D.M., 2012. Pitch contour identification with com- 

bined place and temporal cues using cochlear implants. J. Acoust. Soc. Am. 131, 
1325–1336. doi: 10.1121/1.3672708 . 

uo, X., Soslowsky, S., Pulling, K.R., 2019. Interaction between pitch and timbre per- 
ception in normal-hearing listeners and cochlear implant users. J. Assoc. Res. 

Otolaryngol. 20, 57–72. doi: 10.1007/s10162-018-00701-3 . 
acherey, O., Carlyon, R.P., 2014. Re -examining the upper limit of temporal pitch. J. 

Acoust. Soc. Am. 136, 3186–3199. doi: 10.1121/1.4900917 . 

acherey, O., Carlyon, R.P., 2010. Temporal pitch percepts elicited by dual-channel 
stimulation of a cochlear implant. J. Acoust. Soc. Am. 127, 339–349. doi: 10.1121/ 

1.3269042 . 
acherey, O., Deeks, J.M., Carlyon, R.P., 2011. Extending the limits of place and tem- 

poral pitch perception in cochlear implant users. J. Assoc. Res. Otolaryngol. 12, 
233–251. doi: 10.1007/s10162-010-0248-x , JARO N. Y. . 

arimuthu, V., Swanson, B.A., Mannell, R., 2016. Cochlear implant rate pitch and 

melody perception as a function of place and number of electrodes. Trends 
Hear. 20. doi: 10.1177/2331216516643085 , 2331216516643085 . 

cDermott, H.J., McKay, C.M., 1997. Musical pitch perception with electrical 
stimulation of the cochlea. J. Acoust. Soc. Am. 101, 1622–1631. doi: 10.1121/ 

1.418177 . 
cDermott, H.J., McKay, C.M., 1994. Pitch ranking with nonsimultaneous dual- 

electrode electrical stimulation of the cochlea. J. Acoust. Soc. Am. 96, 155–162. 

doi: 10.1121/1.410475 . 
cKay, C.M., 2012. Forward masking as a method of measuring place specificity of 

neural excitation in cochlear implants: a review of methods and interpretation. 
J. Acoust. Soc. Am. 131, 2209–2224. doi: 10.1121/1.36 8324 8 . 

cKay, C.M., McDermott, H.J., Carlyon, R.P., 20 0 0. Place and temporal cues in pitch
perception: are they truly independent? Acoust. Res. Lett. 1, 25–30. doi: 10.1121/ 

1.1318742 , Online . 

icheyl, C., Delhommeau, K., Perrot, X., Oxenham, A.J., 2006. Influence of musical 
and psychoacoustical training on pitch discrimination. Hear. Res. 219, 36–47. 

doi: 10.1016/j.heares.20 06.05.0 04 . 
iddlebrooks, J.C., Snyder, R.L., 2010. Selective electrical stimulation of the auditory 

nerve activates a pathway specialized for high temporal acuity. J. Neurosci. 30, 
1937–1946. doi: 10.1523/JNEUROSCI.4 94 9-09.2010 . 

oore, B.C.J., Carlyon, R.P., 2005. Perception of pitch by people with cochlear hear- 

ing loss and by cochlear implant users. In: Pitch, Springer Handbook of Auditory 
Research. Springer, New York, NY, pp. 234–277. doi: 10.1007/0- 387- 28958- 5 _ 7 . 

oran, M., Rousset, A., Looi, V., 2016. Music appreciation and music listening in 
prelingual and postlingually deaf adult cochlear implant recipients. Int. J. Audiol. 

55, S57–S63. doi: 10.3109/14992027.2016.1157630 . 

https://doi.org/10.1111/1467-8721.ep10768783
https://doi.org/10.1121/1.4758770
https://doi.org/10.3389/fnins.2014.00282
https://doi.org/10.1016/S1808-8694(15)31195-2
https://doi.org/10.1152/jn.00326.2006
https://doi.org/10.1016/0378-5955(92)90011-B
https://doi.org/10.1016/j.heares.2016.11.005
https://doi.org/10.1177/0003489400109S1221
https://doi.org/10.1002/cne.902290311
https://doi.org/10.1007/s10162-004-5024-3
https://doi.org/10.1097/01.aud.0000261689.35445.20
https://doi.org/10.1121/1.1642623
http://refhub.elsevier.com/S0378-5955(22)00152-6/sbref0029
https://doi.org/10.1177/0301006615599139
https://doi.org/10.1113/jphysiol.2012.229328
https://doi.org/10.1007/s10162-015-0541-9
https://doi.org/10.1007/s10162-021-00828-w
https://doi.org/10.1016/j.heares.2021.108319
https://doi.org/10.1177/1084713813477244
https://doi.org/10.1121/1.4835735
https://doi.org/10.1162/089976601750541804
https://doi.org/10.1016/0378-5955(89)90082-8
https://doi.org/10.1121/1.399297
https://doi.org/10.1016/j.heares.2014.07.007
https://doi.org/10.1016/j.heares.2012.01.010
https://doi.org/10.1016/j.heares.2017.06.004
https://doi.org/10.3758/BF03214307
https://doi.org/10.1121/1.1381535
https://doi.org/10.1097/MAO.0000000000000845
https://doi.org/10.1121/1.2208152
https://doi.org/10.1121/1.5081472
https://doi.org/10.1016/j.heares.2009.04.007
https://doi.org/10.1097/AUD.0000000000000250
https://doi.org/10.1007/s10162-004-4049-y
https://doi.org/10.1121/1.1823311
https://doi.org/10.1016/j.otohns.2007.11.028
https://doi.org/10.1080/00016480601002112
https://doi.org/10.1121/1.388677
https://doi.org/10.1121/1.1612493
https://doi.org/10.1055/s-0032-1329222
https://doi.org/10.1097/AUD.0b013e31816a0d0b
https://doi.org/10.3109/14992020903405987
https://doi.org/10.1177/1084713807305301
https://doi.org/10.1121/1.3672708
https://doi.org/10.1007/s10162-018-00701-3
https://doi.org/10.1121/1.4900917
https://doi.org/10.1121/1.3269042
https://doi.org/10.1007/s10162-010-0248-x
https://doi.org/10.1177/2331216516643085
https://doi.org/10.1121/1.418177
https://doi.org/10.1121/1.410475
https://doi.org/10.1121/1.3683248
https://doi.org/10.1121/1.1318742
https://doi.org/10.1016/j.heares.2006.05.004
https://doi.org/10.1523/JNEUROSCI.4949-09.2010
https://doi.org/10.1007/0-387-28958-5_7
https://doi.org/10.3109/14992027.2016.1157630


S.R.S. Bissmeyer and R.L. Goldsworthy Hearing Research 424 (2022) 108583 

M

N

O

O

O

P

P

P

R

R

R

R

R
 

S  

S

S

S

S

S

S

S

S

S

S

T

T

T

T

T

v

v

V

V

V

 

W

W

W

Z  

Z

Z

uniak, M.A., Connelly, C.J., Suthakar, K., Milinkeviciute, G., Ayeni, F.E., Ryugo, D.K., 
2016. Central projections of spiral ganglion neurons. In: The Primary Audi- 

tory Neurons of the Mammalian Cochlea, Springer Handbook of Auditory Re- 
search. Springer, New York, NY, pp. 157–190. doi: 10.1007/978- 1- 4939- 3031- 

9 _ 6 . 
elson, D.A., Van Tasell, D.J., Schroder, A.C., Soli, S., Levine, S., 1995. Electrode rank- 

ing of ‘“place pitch”’ and speech recognition in electrical hearing. J. Acoust. Soc. 
Am. 98, 1987–1999. doi: 10.1121/1.413317 . 

xenham, A.J., 2013. Revisiting place and temporal theories of pitch. Acoust. Sci. 

Technol. 34, 388–396. doi: 10.1250/ast.34.388 . 
xenham, A.J., Bernstein, J.G.W., Penagos, H., 2004. Correct tonotopic representation 

is necessary for complex pitch perception. Proc. Natl. Acad. Sci. 101, 1421–1425. 
doi: 10.1073/pnas.0306958101 . 

xenham, A.J., Micheyl, C., Keebler, M.V., Loper, A., Santurette, S., 2011. Pitch per- 
ception beyond the traditional existence region of pitch. Proc. Natl. Acad. Sci. U. 

S. A. 108, 7629–7634. doi: 10.1073/pnas.1015291108 . 

almer, A.R., Russell, I.J., 1986. Phase-locking in the cochlear nerve of the guinea-pig 
and its relation to the receptor potential of inner hair-cells. Hear. Res. 24, 1–15. 

doi: 10.1016/0378-5955(86)90 0 02-X . 
enninger, R.T., Kludt, E., Büchner, A., Nogueira, W., 2015. Stimulating on multiple 

electrodes can improve temporal pitch perception. Int. J. Audiol. 54, 376–383. 
doi: 10.3109/14992027.2014.997313 . 

retorius, L.L., Hanekom, J.J., 2008. Free field frequency discrimination abilities 

of cochlear implant users. Hear. Res. 244, 77–84. doi: 10.1016/j.heares.2008.07. 
005 . 

ader, T., Döge, J., Adel, Y., Weissgerber, T., Baumann, U., 2016. Place depen- 
dent stimulation rates improve pitch perception in cochlear implantees with 

single-sided deafness. Hear. Res. 339, 94–103. doi: 10.1016/j.heares.2016.06. 
013 . 

eiss, L.A.J., Turner, C.W., Karsten, S.A., Gantz, B.J., 2014. Plasticity in human pitch 

perception induced by tonotopically mismatched electro-acoustic stimulation. 
Neuroscience 256, 43–52. doi: 10.1016/j.neuroscience.2013.10.024 . 

iss, D., Hamzavi, J.S., Blineder, M., Honeder, C., Ehrenreich, I., Kaider, A., Baumgart- 
ner, W.D., Gstoettner, W., Arnoldner, C., 2014. FS4, FS4-p, and FSP: a 4-month 

crossover study of 3 fine structure sound-coding strategies. Ear Hear. 35, e272. 
doi: 10.1097/AUD.0 0 0 0 0 0 0 0 0 0 0 0 0 063 . 

ose, J.E., Brugge, J.F., Anderson, D.J., Hind, J.E., 1967. Phase-locked response to low- 

frequency tones in single auditory nerve fibers of the squirrel monkey. J. Neu- 
rophysiol. 30, 769–793. doi: 10.1152/jn.1967.30.4.769 . 

yugo, D.K., May, S.K., 1993. The projections of intracellularly labeled auditory nerve 
fibers to the dorsal cochlear nucleus of cats. J. Comp. Neurol. 329, 20–35. doi: 10.

1002/cne.903290103 . 
chatzer, R., Vermeire, K., Visser, D., Krenmayr, A., Kals, M., Voormolen, M., Van de

Heyning, P., Zierhofer, C., 2014. Electric-acoustic pitch comparisons in single- 

sided-deaf cochlear implant users: frequency-place functions and rate pitch. 
Hear. Res. 309, 26–35. doi: 10.1016/j.heares.2013.11.003 . 

hackleton, T.M., Carlyon, R.P., 1994. The role of resolved and unresolved harmonics 
in pitch perception and frequency modulation discrimination. J. Acoust. Soc. Am. 

95, 3529–3540. doi: 10.1121/1.409970 . 
hannon, R.V., 2015. Auditory implant research at the house ear institute 1989-2013. 

Hear. Res. 322, 57–66. doi: 10.1016/j.heares.2014.11.003 , Lasker Award . 
hannon, R.V., 1983. Multichannel electrical stimulation of the auditory nerve in 

man. II. Channel interaction. Hear. Res. 12, 1–16. doi: 10.1016/0378-5955(83) 

90115-6 . 
hannon, R.V., Adams, D.D., Ferrel, R.L., Palumbo, R.L., Grandgenett, M., 1990. A 

computer interface for psychophysical and speech research with the Nucleus 
cochlear implant. J. Acoust. Soc. Am. 87, 905–907. doi: 10.1121/1.398902 . 

hannon, R.V., Fu, Q.J., Galvin, J., Friesen, L., 2004. Speech perception with cochlear 
implants. In: Cochlear Implants: Auditory Prostheses and Electric Hearing, 

Springer Handbook of Auditory Research. Springer, New York, NY, pp. 334–376. 

doi: 10.1007/978- 0- 387- 22585- 2 _ 8 . 
12 
hepherd, R.K., Javel, E., 1997. Electrical stimulation of the auditory nerve. I. Corre- 
lation of physiological responses with cochlear status. Hear. Res. 108, 112–144. 

doi: 10.1016/S0378-5955(97)0 0 046-4 . 
mith, Z.M., Delgutte, B., Oxenham, A.J., 2002. Chimaeric sounds reveal dichotomies 

in auditory perception. Nature 416, 87–90. doi: 10.1038/416087a . 
rinivasan, A.G., Shannon, R.V., Landsberger, D.M., 2012. Improving virtual channel 

discrimination in a multi-channel context. Hear. Res. 286, 19–29 . 
tohl, J.S., Throckmorton, C.S., Collins, L.M., 2008. Assessing the pitch structure asso- 

ciated with multiple rates and places for cochlear implant users. J. Acoust. Soc. 

Am. 123, 1043–1053. doi: 10.1121/1.2821980 . 
wanson, B.A., Marimuthu, V.M.R., Mannell, R.H., 2019. Place and temporal cues in 

cochlear implant pitch and melody perception. Front. Neurosci. 13, 1–18. doi: 10. 
3389/fnins.2019.01266 . 

ong, Y.C., Blamey, P.J., Dowell, R.C., Clark, G.M., 1983. Psychophysical studies eval- 
uating the feasibility of a speech processing strategy for a multiple-channel 

cochlear implant. J. Acoust. Soc. Am. 74, 73–80. doi: 10.1121/1.389620 . 

ong, Y.C., Clark, G.M., 1985. Absolute identification of electric pulse rates and elec- 
trode positions by cochlear implant patients. J. Acoust. Soc. Am. 77, 1881–1888. 

doi: 10.1121/1.391939 . 
ong, Y.C., Clark, G.M., Blamey, P.J., Busby, P.A., Dowell, R.C., 1982. Psychophysical 

studies for two multiple-channel cochlear implant patients. J. Acoust. Soc. Am. 
71, 153–160. doi: 10.1121/1.387342 . 

ownshend, B., Cotter, N., Van Compernolle, D., White, R.L., 1987. Pitch perception 

by cochlear implant subjects. J. Acoust. Soc. Am. 82, 106–115. doi: 10.1121/1. 
395554 . 

yler, R.S., Wood, E.J., Fernandes, M., 1983. Frequency resolution and discrimina- 
tion of constant and dynamic tones in normal and hearing-impaired listeners. J. 

Acoust. Soc. Am. 74, 1190–1199. doi: 10.1121/1.390043 . 
an den Honert, C., Stypulkowski, P.H., 1987. Temporal response patterns of single 

auditory nerve fibers elicited by periodic electrical stimuli. Hear. Res. 29, 207–

222. doi: 10.1016/0378-5955(87)90168-7 . 
an Hoesel, R.J.M., Tyler, R.S., 2003. Speech perception, localization, and lateral- 

ization with bilateral cochlear implants. J. Acoust. Soc. Am. 113, 1617–1630. 
doi: 10.1121/1.1539520 . 

enter, P.J., Hanekom, J.J., 2014. Is there a fundamental 300hz limit to pulse rate 
discrimination in cochlear implants? J. Assoc. Res. Otolaryngol. 15, 849–866. 

doi: 10.1007/s10162-014-0468-6 . 

ermeire, K., Kleine Punte, A., Van de Heyning, P., 2010. Better speech recognition 
in noise with the fine structure processing coding strategy. ORL 72, 305–311. 

doi: 10.1159/0 0 0319748 . 
erschooten, E., Shamma, S., Oxenham, A.J., Moore, B.C.J., Joris, P.X., Heinz, M.G., 

Plack, C.J., 2019. The upper frequency limit for the use of phase locking to code
temporal fine structure in humans: a compilation of viewpoints. Hear. Res. 377, 

109–121. doi: 10.1016/j.heares.2019.03.011 . 

ever, E.G., Bray, C.W., 1937. The perception of low tones and the resonance-volley 
theory. J. Psychol. 3, 101–114. doi: 10.1080/00223980.1937.9917483 . 

ilson, B.S., Sun, X., Schatzer, R., Wolford, R.D., 2004. Representation of fine struc- 
ture or fine frequency information with cochlear implants. In: Proceedings of 

the International Congress Series, Cochlear Implants. VIII International Cochlear 
Implant Conference, pp. 3–6. doi: 10.1016/j.ics.2004.08.018 1273 . 

outers, J., McDermott, H.J., Francart, T., 2015. Sound coding in cochlear implants: 
from electric pulses to hearing. IEEE Signal Process. Mag. 32, 67–80. doi: 10.1109/ 

MSP.2014.2371671 . 

eng, F.G., 2002. Temporal pitch in electric hearing. Hear. Res. 174, 101–106. doi: 10.
1016/S0378- 5955(02)00644- 5 . 

hou, N., 2016. Monopolar detection thresholds predict spatial selectivity of neural 
excitation in cochlear implants: implications for speech recognition. PLoS One 

11, e0165476. doi: 10.1371/journal.pone.0165476 . 
hou, N., Mathews, J., Dong, L., 2019. Pulse-rate discrimination deficit in cochlear 

implant users: is the upper limit of pitch peripheral or central? Hear. Res. 371, 

1–10. doi: 10.1016/j.heares.2018.10.018 . 

https://doi.org/10.1007/978-1-4939-3031-9_6
https://doi.org/10.1121/1.413317
https://doi.org/10.1250/ast.34.388
https://doi.org/10.1073/pnas.0306958101
https://doi.org/10.1073/pnas.1015291108
https://doi.org/10.1016/0378-5955(86)90002-X
https://doi.org/10.3109/14992027.2014.997313
https://doi.org/10.1016/j.heares.2008.07.005
https://doi.org/10.1016/j.heares.2016.06.013
https://doi.org/10.1016/j.neuroscience.2013.10.024
https://doi.org/10.1097/AUD.0000000000000063
https://doi.org/10.1152/jn.1967.30.4.769
https://doi.org/10.1002/cne.903290103
https://doi.org/10.1016/j.heares.2013.11.003
https://doi.org/10.1121/1.409970
https://doi.org/10.1016/j.heares.2014.11.003
https://doi.org/10.1016/0378-5955(83)90115-6
https://doi.org/10.1121/1.398902
https://doi.org/10.1007/978-0-387-22585-2_8
https://doi.org/10.1016/S0378-5955(97)00046-4
https://doi.org/10.1038/416087a
http://refhub.elsevier.com/S0378-5955(22)00152-6/sbref0095
https://doi.org/10.1121/1.2821980
https://doi.org/10.3389/fnins.2019.01266
https://doi.org/10.1121/1.389620
https://doi.org/10.1121/1.391939
https://doi.org/10.1121/1.387342
https://doi.org/10.1121/1.395554
https://doi.org/10.1121/1.390043
https://doi.org/10.1016/0378-5955(87)90168-7
https://doi.org/10.1121/1.1539520
https://doi.org/10.1007/s10162-014-0468-6
https://doi.org/10.1159/000319748
https://doi.org/10.1016/j.heares.2019.03.011
https://doi.org/10.1080/00223980.1937.9917483
https://doi.org/10.1016/j.ics.2004.08.018
https://doi.org/10.1109/MSP.2014.2371671
https://doi.org/10.1016/S0378-5955(02)00644-5
https://doi.org/10.1371/journal.pone.0165476
https://doi.org/10.1016/j.heares.2018.10.018

	Combining Place and Rate of Stimulation Improves Frequency Discrimination in Cochlear Implant Users
	1 Introduction
	2 Experiment 1: Melodic Contour Identification
	2.1 General methods
	2.1.1 Subjects
	2.1.2 Procedure
	2.1.3 Loudness balancing
	2.1.4 Stimuli
	2.1.5 Analyses

	2.2 Results

	3 Experiment 2: Frequency Discrimination
	3.1 General methods
	3.1.1 Subjects
	3.1.2 Procedure
	3.1.3 Loudness balancing
	3.1.4 Stimuli
	3.1.5 Analyses

	3.2 Results

	4 Discussion
	4.1 Coordinated place and rate of stimulation for cochlear implants
	4.2 Does broad stimulation provide better access to rate pitch cues?

	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Acknowledgments
	Supplementary materials
	References


