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This study revisits the issue of the spectral ripple resolution abilities of cochlear implant (CI) users.

The spectral ripple resolution of recently implanted CI recipients (implanted during the last 10

years) were compared to those of CI recipients implanted 15 to 20 years ago, as well as those of

normal-hearing and hearing-impaired listeners from previously published data from Henry, Turner,

and Behrens [J. Acoust. Soc. Am. 118, 1111–1121 (2005)]. More recently, implanted CI recipients

showed significantly better spectral ripple resolution. There is no significant difference in spectral

ripple resolution for these recently implanted subjects compared to hearing-impaired (acoustic) lis-

teners. The more recently implanted CI users had significantly better pre-operative speech percep-

tion than previously reported CI users. These better pre-operative speech perception scores in CI

users from the current study may be related to better performance on the spectral ripple discrimina-

tion task; however, other possible factors such as improvements in internal and external devices

cannot be excluded. VC 2015 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4932020]

[EB] Pages: 2350–2358

I. INTRODUCTION

In 1984, the first multichannel cochlear implant (CI)

was approved by the U.S. Food and Drug Administration

(FDA). Since then, improvements in design, speech process-

ing strategies, surgical methods, and professionals’ collabo-

rated efforts have led to the CI becoming a commonplace

rehabilitation strategy to restore hearing and communication

to many people with severe to profound hearing impairment.

Today, most CI recipients reach high-performance levels for

understanding open-set speech in quiet without visual cues

and can talk on the phone. These outcomes, in turn, have

extended the criteria for CI candidacy in regards to the

degree of hearing loss and performance with best-aided con-

ditions. The first CI approved by the FDA in 1984 was exclu-

sively for use in profoundly deaf adults ages 18 and older

with hearing loss greater than 100 dB. By 2000, the implant-

able age was extended to babies as young as 12 months of

age. Current CI candidacy guidelines also include adults

with more residual hearing with 50%–60% accuracy in

open-set sentence recognition scores. At present, more than

320 000 individuals worldwide, including adults and chil-

dren, have received the CI (National Institute on Deafness

and Other Communication Disorders, 2015). The population

of CI users now includes many patients with more pre-

operative residual hearing and shorter periods of deafness

than in earlier years (Sampaio et al., 2011). Both of these

factors have been shown to be strong predictors of post-

implant speech recognition abilities with a CI (e.g.,

Rubinstein et al., 1999; Gomaa et al., 2003; Leung et al.,
2005).

Limitations for even the best CI users are apparent in

challenging listening conditions, including music apprecia-

tion and understanding speech in background noise (e.g.,

Qin and Oxenham, 2003; Stickney et al., 2004; Gfeller

et al., 2002; Gfeller et al., 2007). These limitations are inevi-

table because of the reduced spectral resolution restricted by

the device design that uses only a few electrode channels.

Friesen et al. (2001) suggested that 6–8 effective channels of

stimulation were all that was possible with CIs, while
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normal-hearing (NH) listeners with CI simulations were ca-

pable of using more than 16 channels of stimulation. In the

case of these long-electrode CI users, most implanted in the

1990s, these 6–8 “effective” or “usable” channels are spread

along the entire (approximately 24 mm) length of the elec-

trode array. Their general conclusion of this study was that

there might be a limitation on usable channels in CI patients.

This is most likely due to channel interactions, which are

located some distance from the site of nerve stimulation or

due to limited nerve ending survival. A greater number of

effective channels are critical for accurate speech recogni-

tion, particularly in complex backgrounds (e.g., Nelson

et al., 2003; Qin and Oxenham, 2003). This potential limita-

tion has important clinical implications.

Clinical experience from other clinics, as well as the

authors’ own institution, shows that today’s cochlear implant

patients perform at levels surpassing previous patients for

many speech recognition tasks (e.g., Wilson and Dorman,

2008; Zeng et al., 2008; Shannon, 2010). The data for long-

electrode patients in the Henry et al. (2005) study were col-

lected more than 15 years ago at the author’s present labora-

tory. One possible explanation is related to the fact that the

populations of patients implanted today can differ signifi-

cantly from those implanted with long-electrodes in the

1990s. Today’s patients might have better pre-operative

hearing and shorter durations of deafness. Both of these fac-

tors might be associated with a higher survival of neural ele-

ments in the cochlea and/or centrally than in previous

implant patients, who typically had much less (or no) pre-

operative hearing and often had longer durations of deafness

than the patients today. Thus, perhaps a more current popula-

tion of long-electrode cochlear implant patients, who would

have better pre-operative speech scores, etc., might produce

better spectral resolution than the data provided in Henry

et al. (2005). That is the basic rationale underlying the cur-

rent study.

The primary purpose of this study is to measure spectral

ripple resolution in CI recipients who were implanted more

recently, and to compare these results to a previous study

from a University of Iowa laboratory conducted more than

10 years ago (Henry et al., 2005). Spectral ripple discrimina-

tion ability data have been collected from CI users in the

same laboratory for over 15 years using the same measure,

the spectral ripple discrimination test. It was developed using

a method based on the “ripple phase reversal test” used in

Supin et al. (1994, 1997, 1999) studies. The spectral ripple

discrimination test involves discriminating two rippled noise

stimuli in which the frequency positions of the peaks and

valleys are interchanged. While the spectral ripple depth was

held constant, the spectral ripple spacing was varied. Wider

spectral ripple spacing is thought to make it easier to detect a

reversal in peak and valley positions than narrower spectral

ripple spacing. The highest discriminable spectral ripple den-

sity in ripples per octave is defined as the threshold for spec-

tral peak resolution. Higher spectral ripple discrimination

thresholds indicate better spectral discrimination

performance.

This test has been used to investigate differences in

spectral ripple discrimination thresholds among various

listeners with NH, hearing impaired listening acoustically

(HI), and CI listeners (Henry and Turner, 2003; Henry et al.,
2005). Using logarithmically spread ripples, Henry et al.
(2005) showed that spectral ripple resolution varied widely

across listening groups; NH listeners obtained the highest

spectral ripple discrimination thresholds with an average of

4.84 ripples/octave, followed by HI listeners with an average

of 1.77 ripples/octave. The CI users had the poorest spectral

ripple discrimination thresholds with an average of 0.62 rip-

ples/octave. Most importantly, they found a strong relation-

ship between the spectral ripple discrimination thresholds

and both vowel (r2¼ 0.64, p< 0.0001) and consonant

(r2¼ 0.66, p< 0.0001) recognition scores across the listen-

ing groups. Predicting outcomes using this test has potential

as a quick and easy test to assist in optimizing speech proc-

essor programming. Also of importance in the Henry et al.
(2005) study was the finding that essentially all the CI users

performed more poorly than the sensorineural HI patients

who listened with acoustic hearing and whose hearing loss

ranged from mild to profound. This might not be the case

today.

In subsequent studies from other laboratories, this and

similar measures of testing spectral peak resolution have

become a popular test to measure spectral peak resolution

across various listeners, particularly in CI users, despite the

fact that the details of the spectral ripple stimuli used were

slightly different (e.g., Won et al., 2007; Won et al., 2010;

Won et al., 2011a; Won et al., 2011b; Anderson et al.,
2011). Other researchers used spectral modulation thresholds

(i.e., minimum depth of modulation required for discrimina-

tion), rather than spectral ripple discrimination thresholds, to

measure spectral ripple resolution (e.g., Litvak et al., 2007;

Saoji et al., 2009; Zhang et al., 2013). In general, these pre-

vious studies demonstrated that spectral ripple resolution

could provide predictive information about speech recogni-

tion abilities in quiet and noise and in music perception.

Researchers suggest that these tasks can provide a good mea-

sure of peripheral spectral resolution of the auditory system

for CI users (e.g., Won et al., 2011b; Jones et al., 2013).

In recent years, as the positive outcomes of CIs have

become more evident, the candidacy criteria for cochlear im-

plantation have been relaxed, and hearing-impaired people

with more residual hearing are receiving CIs. Also, changes

in the internal and external devices could affect CI listeners’

performances on spectral ripple discrimination thresholds. It

is therefore important to now revisit spectral resolution abil-

ities in more recent CI recipients. This study investigates

spectral ripple resolution ability and speech perception abil-

ities of CI recipients implanted over the last 10 years, and

compare these results with those of Henry et al. (2005),

which included CI recipients who were implanted 15 to 20

years ago. The focus here is on comparison with the Henry

et al. (2005) data since the same stimuli, equipment and test-

ing procedures are still available at the authors’ present labo-

ratory, therefore enabling direct comparison with previous

spectral ripple resolution results for NH, HI, and CI listeners.

In Henry et al. (2005), the CI patients performed, on aver-

age, only at about one-third the spectral ripple spacing of the

HI subjects. The first question is: is this result still true of
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patients implanted later than those who participated in

Henry et al. (2005)? Related to this question, is it still true

that cochlear implant patients essentially always perform

more poorly on the spectral discrimination task than hearing-

impaired patients listening with acoustic hearing? An addi-

tional question is, does the strong correlation between spec-

tral ripple discrimination thresholds and speech perception

still hold with the new CI data?

II. METHODS

A. Participants

In the Henry et al. (2005) study, 12 NH young adults,

32 HI adults, and 23 CI subjects participated. They were all

native English speakers. All NH subjects had audiometric

thresholds better than 15 dB hearing level. All 32 HI listeners

had sensorineural hearing loss ranging from mild to pro-

found. The mean and dispersion of their audiometric thresh-

olds for each frequency are summarized in Table I.

CI listeners in the Henry et al. (2005) study received

their CIs between 1996 and 2002 at the University of Iowa

Hospitals and Clinics. Nineteen subjects used the CI24M

and 4 used the CI24R internal device. All tests were done

using the laboratory SPrint body worn speech processor

(most of these patients used a Sprint processor for everyday

use as well), using each subject’s everyday MAP; the speech

processing strategies used in their MAP included spectral

peak (SPEAK), continuous interleaved sampling (CIS), and

advanced combination encoder (ACE). All of them had at

least 6 months of experience with their implant prior to test-

ing. The details of each subject are shown in Table II,

reprinted from Henry et al. (2005).

In the current study, a total of 28 CI subjects partici-

pated with a total of 32 implanted ears were tested. Twelve

of these were bilateral CI users; both CI ears were tested in

four subjects when time allowed. All subjects were native

English speakers and received their implants between 2003

and 2013 at the University of Iowa Hospitals and Clinics.

Twenty-two participants had internal devices, CI24R(CS),

CI24RE(CA), CI422, or CI512 manufactured by Cochlear

Ltd. (Sydney, Australia) and six participants had CII or

HiRes90K manufactured by Advanced Bionics Corp.

(Valencia, CA, USA). The internal device and speech proc-

essing strategies used in their MAPs included ACE and ACE

(RE) (Cochlear Ltd), HiRes (HiResolution) Optima, HiRes -

P (paired) or HiRes-S (sequence) with or without Fidelity

120 feature (Advanced Bionics). They had a minimum of 6

months of CI experience prior to testing. Individual subject

details for the current study are shown in Table III, including

subject ID, age, duration of severe-profound deafness, dura-

tion of CI experience, etiology, implant type, speech proces-

sor type, and years implanted.

TABLE I. Audiometric thresholds and standard deviation across frequencies

for the hearing impaired subjects in the Henry et al. (2005) study.

250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz

Mean 32 32 43 56 63 68

SD 16 16 21 18 17 17

Range 10–60 10–70 15–100 25–100 15-no response 15-no response

TABLE II. Individual subject details for cochlear implant participants in the Henry et al. (2005) study. Prog.¼ progressive; ACE used eight maxima unless

otherwise noted.

Subject

Age

(years)

Duration of

profound

deafness (years)

CI experience

(years) Etiology

Implant

type

Processing

Strategy, Number

of maxima

Pulse rate (pps/ch),

Number of

channels

CNC word

score

(% correct)

Average dynamic

range (dB)

CI1 74 12 6 Infection CI24M ACE 720, 22 86 8.6

CI2 47 13 3 Congenital, prog. CI24M ACE 900, 22 39 12.5

CI3 64 4 5 Unknown CI24M ACE 720, 18 56 9.7

CI5 73 8 4 Congenital, prog. CI24M ACE 900, 20 64 7.6

CI6 73 1 2 Meniere’s disease CI24M SPEAK 250, 18 54 4.9

CI7 44 0.5 3 Autoimmune disease CI24M ACE 1200, 22 72 15.5

CI10 75 25 5 Congenital, prog. CI24M ACE 720, 20 68 7.7

CI11 77 40 3 Unknown CI24M CIS 900, 6 4 6.9

CI13 49 2 2 Unknown CI24M CIS 2400, 6 74 12.0

CI14 55 5 4 Unknown CI24M ACE,10 1200, 22 18 4.0

CI15 81 3 4 Unknown CI24M SPEAK 250, 19 54 4.9

CI16 37 2 3 Unknown CI24R ACE, 12 720, 22 42 8.8

CI18 57 36 6 Unknown CI24M ACE,12 1200, 20 50 9.0

CI19 79 0.5 5 Viral infection CI24M SPEAK 250, 20 66 2.5

CI20 47 7 4 Unknown CI24M ACE 900, 20 22 16.5

CI22 63 0.3 3 Infection CI24M ACE 720, 22 82 10.9

CI23 75 8 3 Unknown CI24M SPEAK 250, 20 42 4.9

CI24 85 11 2 Unknown CI24R SPEAK 250, 18 24 5.8

CI25 76 10 4 Unknown, prog. CI24M ACE 900, 22 68 11.6

CI26 62 1 3 Meniere’s disease CI24M ACE 720, 22 54 9.5

CI27 47 28 0.5 Infection CI24R ACE 900, 22 64 19.2

CI28 41 3 2 Hereditary CI24R ACE 900, 22 84 9.5

CI29 49 8 3 Unknown, prog. CI24M CIS 900, 6 58 7.7
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B. Procedures and tests

All experiments were conducted in a sound booth. All

stimuli were presented at an average level of 65 dB sound

pressure level (SPL) via a loudspeaker located approxi-

mately 1 m from a subject. A touch screen was used for a

subject to choose a response for all experiments. The non-

tested ear was plugged and muffed. Bilateral users were

tested with one CI at a time. In the current study, subjects

used their own speech processors using their everyday MAP.

All procedures, instruments, and stimuli were identical

between the two studies, with the exception of some of the

speech tests.

1. Spectral ripple discrimination thresholds

Spectral ripple noise stimuli of 100 to 5000 Hz band-

width with peak-to-valley ratios of approximately 30 dB

were synthesized on an Apple Mac Pro computer by alge-

braically summing 200 pure-tone frequency components

with amplitudes determined by a sinusoidal envelope with

ripples spaced on a logarithmic frequency scale. The starting

phases of the individual frequency components were

randomized for each stimulus to avoid fine structure pitch

cues that may be perceptible to listeners. The frequency of

the spectral envelope of the stimulus complex was varied in

14 steps from 0.125 to 11.314 ripples/octave. The spectral

envelope phase of the stimulus complex was set to zero at

the low-frequency edge of the complex for the standard (ref-

erence) stimulus. The inverted (test) stimulus had a reversed

phase. The stimuli were of 500 ms duration, had 150 ms rise/

fall time, and were shaped with a filter that approximated the

long-term speech spectrum (Byrne et al., 1994). The overall

levels of the rippled noise sound files were then approxi-

mately equalized. To limit the use of loudness cues, the pre-

sentation level of each stimulus roved randomly in 1-dB

steps within an 8 dB range. Subjects were instructed to

choose the interval, which was different from the other two

in terms of pitch or quality, rather than loudness in a

3-interval forced choice task. Feedback was provided after

each trial. The test started at an easy-to-distinguish ripple

frequency of 0.176 ripples/octave, and the spectral ripple fre-

quency was varied using a two-down and one-up procedure

based on the subject’s response; this led to 70.7% accuracy

(Levitt, 1971). Each run stopped after 12 reversals. The spec-

tral ripple discrimination threshold for each run was calcu-

lated as the mean of the ripple frequencies for the last 8 of

TABLE III. Individual subject details for the current study. Prog.¼ progressive; ACE used eight maxima.

Subject

Age

(years)

Duration of

profound

deafness (years)

CI experience

(yrs) Etiology

Implant

type

Speech

processor

Processing Strategy,

Number of maxima

Pulse rate (pps/ch),

Number of channels

CI37 41 14 9 Unknown, Meningitis HiRes 90 K Harmony HiRes-S w/F120 3712, 14

CI51 76 7 8 Unknown CI24RE(CA) Freedom ACE 900, 22

CI54 69 7 4 Unknown, prog. CI512 CP810 ACE 900, 19

CI56 63 9 10 Unknown CI24RE(CA) Freedom ACE(RE) 1800, 22

CI61 76 0.6 7 Head trauma CI24RE(CA) CP810 ACE 900, 22

CI62 57 41 6 Unknown CI24RE(CA) CP810 ACE 900, 22

CI70 58 5 6 Unknown CI24RE(CA) CP810 ACE 900, 21

CI74L 63 2 6 Hereditary-other CI24RE(CA) Freedom ACE 900, 21

CI74R 63 2 6 Hereditary-other CI24RE(CA) Freedom ACE 900, 22

CI77 67 2 8 Unknown HiRes90K Harmony HiRes-S w/F120 3093,16

CI81 50 28 2 Unknown CI24RE(CA) Freedom ACE 1200, 22

CI89 72 6 4 Unknown, prog. CI512 CP810 ACE 900, 22

CI90 60 3 3 Unknown CI512 CP810 ACE 900, 22

CI91 58 17 8 Otosclerosis HiRes 90 K Harmony HiRes-S w/F120 1326, 16

CI95 89 7 7 Unknown, prog. CI24RE(CA) CP810 ACE 900, 22

CI97L 64 12 4 Unknown CI512 CP810 ACE 900, 22

CI97R 64 16 4 Unknown CI512 CP810 ACE 900, 22

CI99 61 38 11 Unknown CI24R(CS) CP810 ACE 900, 22

SE4 65 2 6 Autoimmune disease CI24RE(CA) CP810 ACE 1200, 20

CI101 57 0 2 Unknown CI24RE(CA) CP810 ACE 900, 19

CI103 20 10 2 Unknown HiRes 90 K Neptune HiRes-P w/F120 2062, 16

CI102 79 2 0.5 Unknown CI422 CP910 ACE 900, 19

CI105 60 0.5 0.5 Meniere’s disease CI422 CP920 ACE 900, 20

CI109 25 11 11 Unknown CI24R(CS) Freedom ACE 900, 19

CI111 73 56 2 Unknown CI422 CP810 ACE 500, 16

CI112 70 0.9 1 Unknown CI24RE(CA) CP910 ACE 900, 22

CI114 73 0.1 4 Autoimmune disease HiRes 90 K Harmony HiRes-S w/F120 3712, 16

CI115 59 44 11 Unknown, measles CII Harmony HiRes Optima-S 2062, 16

CI116L 55 17 3 Unknown CI512 CP810 ACE 900, 22

CI116R 55 25 5 Unknown CI24RE(CA) CP810 ACE 900, 20

CI118L 54 11 2 Unknown, prog. CI512 CP810 ACE 900,22

CI118R 54 9 5 Unknown, prog. CI24RE(CA) CP810 ACE 900, 22
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12 reversals (Henry and Turner, 2003). The final discrimina-

tion threshold for the spectral ripple resolution was reported

using the average thresholds from three test runs. At least

one practice run was completed before testing.

2. Consonant recognition

The consonant recognition test was given to subjects in

a closed-set using 16 consonants presented in an /a/-conso-

nant-/a/ syllable context (Turner et al., 1995). Four speakers

including two males and two females produced one token at

a time at random. Each consonant in an /aCa/ syllable was

randomly repeated by the four speakers, i.e., a total of 64

tokens per run. This procedure was repeated three times for

a total of 192 test items. An average of the three runs was

calculated for the final score shown in percentage of correct

answers. One practice run was completed for all subjects

before testing. This was the same consonant test employed

in Henry et al. (2005).

3. Speech recognition thresholds in two-talker speech
maskers

Instead of the vowel recognition test used in Henry

et al. (2005), the speech recognition test in noise (Turner

et al., 2004) was included in this current study. The speech

recognition threshold (SRT) in two-talker speech maskers

was measured using a closed set of 12 spondees in two-

speaker background masking material; both spondees and

two-talker speech maskers were presented from the same

loud speaker. One female speaker spoke 1 of 12 spondees in

a random order at an average of 65 dB SPL. The two-

speaker, one female and one male, speech maskers were var-

ied to obtain the signal-to-noise ratio (SNR) where the sub-

ject could identify the spondee with 50% accuracy. The SNR

was decreased or increased by 2 dB based on the subject’s

response. A single run stopped the procedure after 14 rever-

sals. The SNR values for the last ten reversals were averaged

for the threshold for each run. Participants completed at least

four runs, and the last three runs were used to calculate the

final SRT score. Previously, Henry et al. (2005) obtained

SRT scores at the time of testing for both spectral ripple dis-

crimination thresholds and consonant recognition; however,

these were not reported at the time. They are included here.

4. Subject characteristics

Subject characteristics include: individual pre-operative

audiograms, duration of deafness, and duration of CI use.

These characteristics of subjects for Henry et al. (2005) were

compared to those of subjects in current studies. Pre-

operative speech perception scores in Henry et al. (2005)

were compared to the current study’s CI patients using

Consonant-Nucleus-Consonant (CNC) (Lehiste and

Peterson, 1959; Peterson and Lehiste, 1962) and the Hearing

in Noise Test (HINT) (Nilsson et al., 1994) scores.

III. RESULTS

Two subjects (CI89 and CI102) in the current study

were excluded from data analysis. While CI89 was able to

perform the spectral ripple discrimination task, he showed

difficulty following the instruction for speech perception

testing; especially associating the button labels with conso-

nant sounds. CI102 had very good post-operative residual

hearing from 125 to 1500 Hz. This patient’s unusually good

results could be the result of listening with acoustic hearing.

For these reasons, results from these subjects were not

included in the analysis.

Figure 1, shown as a box-and-whisker plot, compares the

current subjects’ spectral ripple discrimination thresholds with

the Henry et al. (2005) subject’s spectral ripple discrimination

thresholds. While the spectral ripple discrimination thresholds

obtained from CI subjects in Henry et al. (2005) ranged from

0.13 to 1.66 ripples/octave [mean¼ 0.62, median¼ 0.55,

standard deviation (SD)¼ 0.29], the spectral ripple discrimi-

nation thresholds obtained from participants in the current

study ranged from 0.39 to 3.41 (mean¼ 1.37, median¼ 1.25,

SD¼ 0.72). A t-test shows that the mean spectral ripple dis-

crimination thresholds obtained from subjects in the current

study were significantly better than those obtained from the

subjects from Henry et al. (2005) (t¼�5.22, df¼ 40,

p< 0.0001). The equality of variances test (Folded F) indi-

cates unequal variances (F¼ 6.26, p< 0.0001), so degrees of

freedom were adjusted from 51 to 40.

Figure 2 shows the relationship between spectral ripple

discrimination thresholds and consonant recognition scores

across normal hearing listeners (NH), hearing impaired (HI)

listeners, and CI users. The current study’s CI subjects are

marked with open circles, and the CI subjects from Henry

et al. (2005) are marked with closed circles. The data from

NH subjects and HI subjects are also taken from the Henry

et al. (2005) study.

Interestingly, CI subjects’ in the current study showed

considerable overlap with HI subjects whose average spec-

tral ripple discrimination thresholds were 1.77 ripples/octave

(SD¼ 0.96). When spectral ripple discrimination thresholds

FIG. 1. Comparison of spectral ripple thresholds between cochlear implant

subjects in the Henry et al. (2005) and the current studies. This box-and-

whisker plot shows results from Henry et al. (2005) in the left panel and

results from the current study in the right panel. The boxes extend from the

25th to 75th percentiles and the whiskers show data ranged from the 10th to

90th percentiles. Within the box, the thin solid line shows the median and

the thick solid line show the mean spectral ripple thresholds of each group.

Individual dots are outliers; scores are outside of 10th and 90th percentiles.
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were compared between these two groups, they were not sig-

nificantly different (t¼ 1.87, df¼ 60, p¼ 0.0662). The con-

sonant recognition scores were not significantly different

between the HI subjects from Henry et al. (2005) and the

current CI subjects (t¼ 0.70, df¼ 60, p¼ 0.4892); HI sub-

jects obtained, on average, 73% correct (SD¼ 12.19) and CI

subjects in the current study obtained 70% correct

(SD¼ 12.67). However, the CI subjects in the current study

obtained significantly higher scores than the CI subjects in

the Henry et al. (2005) study, who obtained an average of

45% correct (SD¼ 19.42).

Henry et al. (2005) showed a significant positive rela-

tionship between spectral ripple resolution and consonant

recognition (r2¼ 0.66, p< 0.0001), using nonlinear regres-

sion analysis based on the fitted function (P¼ ae�S/bþ c),

where P is the percent correct score, S is the spectral ripple

discrimination threshold, and a, b, c are fitting parameters

(a¼�72.24, b¼ 1.33, and c¼ 94.76).

Using the regression function given by Henry et al.
(2005), the predicted consonant recognition scores were

computed for the current CI subjects based on their spectral

ripple discrimination thresholds. When the prediction was

compared to the actual consonant recognition scores of the

current CI subjects, they were significantly correlated

(r¼ 0.65, p< 0.0001).

Including the more recently implanted CI users tested in

this study with the Henry et al. (2005) data, Fig. 2 shows

that the positive correlation between spectral ripple discrimi-

nation thresholds and consonant recognition still holds for

this expanded data set (r2¼ 0.59, p< 0.0001) on the best fit-

ted function [P¼ a(1� e (�sb))þ c, where a¼ 68.82,

b¼ 1.05, and c¼ 19.09]. While the current CI subjects have

better spectral resolution and consonant recognition abilities

than the Henry et al. (2005) CI subjects, the strong positive

relationship between spectral ripple discrimination thresh-

olds and consonant recognition scores still holds.

This relationship was also explored in CI users alone in

Fig. 3. Here the difference between the Henry et al. (2005)

CI subjects and the current CI subjects is clearly seen. A

nonlinear regression analysis shows a significant correlation

between spectral ripple discrimination thresholds and conso-

nant recognition (r2¼ 0.58, p< 0.0001) on the same form of

fitted function used in Fig. 2 [P¼ a(1 � e (�sb))þ c, where

a¼ 83.26, b¼ 1.56, and c¼�0.42].

In this study, the SRT in two-talker speech maskers

from the current study’s CI subjects were also compared to

those of CI subjects in the Henry et al. (2005). The SRT in

two-talker speech maskers ranged from �4.4 to 30.8 dB

SNR in the CI subjects from Henry et al. (2005) (mean-

¼ 6.65, median¼ 4.4, SD¼ 8.54), and ranged from �8.7 to

17 dB SNR in the current study’s CI subjects (mean¼ 2.33,

median¼ 0.95, SD¼ 6.40). A t-test shows that the mean

SRT obtained from subjects in the current study were signifi-

cantly better than those obtained from the subjects from

Henry et al. (t¼ 2.00, df¼ 46, p¼ 0.0519). In Fig. 4 nonlin-

ear regression analyses show significant correlations

between spectral ripple discrimination thresholds and speech

recognition thresholds in two-talker speech maskers

(r2¼ 0.39, p< 0.0001), using the fitted function (P¼ ae (�sb)

þ c, where a¼ 28.33, b¼ 2.00, and c¼�1.95).

There was no significant difference in the pre-operative

audiograms between the Henry et al. (2005) subjects and the

current study subjects [Figs. 5(a) and 5(b)]. The duration of

deafness was also not significantly different between the two

groups (t¼�0.89, df¼ 51, p¼ 0.3756): the Henry et al.
(2005) CI subjects had on average 9 year duration of deaf-

ness (SD¼ 11.45), while the current study’s CI subjects had

13 years on average (SD¼ 14.65). However, the duration of

CI use prior to the study in CI patients between the Henry

et al. (2005) (mean¼ 3.46, SD¼ 1.36) and the current stud-

ies (mean¼ 5.45, SD¼ 3.09) was significantly different

(t¼�3.16, df¼ 42, p¼ 0.0029). The equality of variances

test (Folded F) indicates unequal variances (F¼ 5.18,

FIG. 2. The relationship between spectral ripple discrimination thresholds

and consonant recognition across normal hearing listeners (NH), hearing

impaired (HI) listeners, and cochlear implant (CI) users. Closed circles indi-

cate CI subjects’ data from Henry et al. (2005). Open circles indicate CI

subjects’ data from the current study. Closed triangles indicate HI data and

open triangles indicate NH data, both from Henry et al. (2005).

FIG. 3. The relationship between spectral ripple discrimination thresholds

and consonant recognition in CI users alone. Closed circles indicate CI sub-

jects’ data from Henry et al. (2005). Open circles indicate CI subjects’ data

from the current study.
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p¼ 0.0002), so degrees of freedom were adjusted from 51

to 42.

The primary difference between the two groups of CI

subjects was found in the pre-operative speech scores. All

subjects in Henry et al. (2005) and the majority of subjects

in the current study had speech perception scores in both

CNC and HINT tests. The current study’s CI participants

had significantly higher pre-operative CNC (t¼�2.19,

df¼ 35, p¼ 0.0356) and HINT scores (t¼�2.65, df¼ 45,

p¼ 0.0111) than the CI participants from Henry et al.
When pre-op speech performance was statistically con-

trolled, the difference between groups was still significant

(F(1,31)¼ 19.32, p< 0.0001).

IV. DISCUSSION

The primary purpose of this study was to test if the spec-

tral ripple resolution values of contemporary CI listeners in

the current study are similar to findings in the study by

Henry et al. (2005). As hypothesized, the new group of long-

electrode patients had better spectral resolution than the

group of subjects who participated in the Henry et al. (2005)

study (Fig. 1). In fact, many of the CI patients in the current

study achieved better than 1 ripple/octave, scores compara-

ble to HI listeners in Henry et al. (2005).

This finding raises a question: What is the source of the

difference between the two studies? One possible explana-

tion could be increased peripheral cochlear nerve fibers. The

improved performance in the more current CI users might be

associated with better pre-operative patient characteristics

(such as shorter duration of deafness, better speech percep-

tion etc.). This “increased number” of responding nerve

fibers could allow for more accurate spectral resolution,

regardless of current spread and electrode interaction. Pre-

operative patient characteristics might indicate the degree of

neural survival (e.g., Peterson et al., 2010). Pre-operative

pure-tone audiograms, as well as the duration of deafness,

were also compared between the two groups. Based on find-

ings from previous studies (e.g., Rubinstein et al., 1999;

Gomaa et al., 2003; Leung et al., 2005), it was predicted that

the CI subjects in this study might have better pre-operative

residual hearing and shorter deafness duration than the CI

subjects in Henry et al. (2005). However, there were no sig-

nificant differences in either of these two factors between the

two studies. The primary difference between the two groups

of CI subjects was found in their pre-operative speech per-

ception scores. However, the fact that the difference between

groups still exists after controlling pre-op speech perform-

ance indicates that the pre-op speech scores is just one fac-

tor, rather than explaining the difference of spectral ripple

discrimination scores between the two groups.

Additionally, the duration of CI use prior to the study in

CI patients between the Henry et al. (2005) and the current

study was significantly different. Although previous studies

show a plateau in performance within the first year of CI use

for post-lingual recipients (e.g., Holden et al., 2013) and the

longer duration of CI use positively correlates to higher

speech perception scores for pre-lingual recipients (e.g.,

Sarant et al., 2001; Davidson et al., 2011), in our laboratory,

it was observed that some CI listeners’ performances

FIG. 4. The relationship between spectral ripple discrimination thresholds

and speech recognition thresholds in two-talker speech maskers in CI users.

Closed circles indicate CI subjects’ data from Henry et al. (2005), and open

circles indicate CI subjects’ data from the current study.

FIG. 5. Audiograms obtained preoper-

atively for all CI subjects in the two

studies. (a) The audiograms of the sub-

jects who participated in the Henry

et al. (2005) study. (b) The audiograms

of the current study. The thick grey

line shows the mean threshold for each

frequency for all subjects in each

group.
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improved over time. Recently, the spectral ripple discrimina-

tion thresholds were retested in several subjects (CI2, CI7,

CI13, and CI27) from the Henry et al. (2005) study, whose

duration of implant use at the time of the Henry et al. (2005)

was less than 5 years (mean¼ 2 years, SD¼ 1.02). At the

time of retesting, they had more than 10 years of CI use

(mean¼ 12.5 years, SD¼ 2.06). Three of the four had

improved over time; two of them did considerably better.

For example, CI7 showed improvement of spectral ripple

discrimination scores from 0.79 to 1.27 ripples/octave and

CI 27 improved from 0.75 to 1.60 ripples/octave.

One might think that the use of a newer speech proces-

sor in the more recently implanted listeners might lead to

better spectral ripple discrimination resolution abilities than

the Henry et al. (2005) CI subjects. To explore this, the spec-

tral ripple discrimination thresholds for two subjects (CI20

and CI26) who were available for further testing were

obtained, using both a SPRINT speech processor as used in

the Henry et al. (2005) and their current CP810 speech pro-

cessors. The difference between spectral ripple discrimina-

tion scores obtained using the SPRINT and their current

CP810 were 0.09 ripples/octave for CI20 and 0.07 ripples/

octave for CI26. For this limited sample of subjects, the

speech processor itself did not seem to affect the spectral rip-

ple discrimination results.

One might think that the effect of internal implant type

might lead to better spectral ripple resolution abilities. In

fact, the Henry et al. (2005) study had mainly CI24M

implants, straight arrays while many in the current study

used CI24RE(CA) implants, peri-modiolar arrays. While

earlier research has not shown much of a difference in

speech perception between peri-modiolar and standard elec-

trode arrays, some psychophysics studies have indicated

more localized neural excitation with contour arrays (e.g.,

Cohen et al., 2006), and more recent research has indicated

that peri-modiolar electrode arrays may enhance speech per-

ception (e.g., Holden et al., 2013). It may be that those with

the contour peri-modiolar electrode arrays have better spec-

tral ripple resolution. In the present study there was no sig-

nificant difference between spectral ripple discrimination

thresholds with CI24RE(CA) vs CI422/CI512 within the cur-

rent group of subjects at r¼ 0.05 level. However, at the

present time, this must also be only a tentative conclusion.

The second question of this study asks if the strong posi-

tive correlation between ripple discrimination thresholds and

speech perception still holds in this expanded data set that

includes more recently implanted patients. The strong rela-

tionship between spectral ripple resolution and consonant

recognition still holds. A moderate correlation also exists

between spectral ripple resolution and speech recognition in

noise. This supports the findings from the study by Won

et al. (2007) using two-talker babble background noise (29

CI subjects, r2¼�0.30, p¼ 0.002). However, Anderson

et al. (2011) did not find such a correlation between spectral

ripple discrimination and speech perception in noise for ei-

ther word recognition in a sentence (12 CI subjects,

r2¼ 0.07, p¼ 0.43) or vowel recognition in the presence of

noise (14 CI subjects, r2¼ 0.22, p¼ 0.09).

The finding that spectral ripple resolution in CI patients

is better than previously reported has clinical significance.

Today’s CI patients have the potential to achieve better con-

sonant recognition in quiet and speech recognition in noise

than previously assumed. The finding that spectral resolution

in some of our CI patients is better than that obtained by HI

patients also lends support to current more expansive candi-

dacy criteria for CIs in that today’s cochlear implant patients

do not necessarily perform more poorly on spectral resolu-

tion tasks and speech recognition than some moderate to

severely hearing impaired acoustic hearing patients.
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