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Voice-pitch cues provide detailed information about a talker that help a listener to understand

speech in complex environments. Temporal-envelope based voice-pitch coding is important for lis-

teners with hearing impairment, especially listeners with cochlear implants, as spectral resolution is

not sufficient to provide a spectrally based voice-pitch cue. The effect of aging on the ability to

glean voice-pitch information using temporal envelope cues is not completely understood. The cur-

rent study measured fundamental frequency (f0) discrimination limens in normal-hearing younger

and older adults while listening to noise-band vocoded harmonic complexes with varying numbers

of spectral channels. Age-related disparities in performance were apparent across all conditions, in-

dependent of spectral degradation and/or fundamental frequency. The findings have important

implications for older listeners with normal hearing and hearing loss, who may be inherently lim-

ited in their ability to perceive f0 cues due to senescent decline in auditory function.
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I. INTRODUCTION

Several cues aid in one’s ability to perceive a target

message in the presence of extraneous distracters, but

adequate processing of fundamental frequency (f0) informa-

tion is critical to communicating in such environments.

Voiced speech can be approximated by a harmonic complex

signal, with the perceived pitch of listeners’ voices roughly

corresponding to the f0 of the harmonic complex.

Individuals not only use voice pitch information in speech

perception tasks and linguistic processing, including speech

intonation recognition (Lehiste, 1970), lexical tone recogni-

tion (Chao, 1968), and talker-gender identification (Titze,

1989), but also to separate competing sound sources (Brokx

and Nootebohm, 1982; Brungart, 2001) and to determine

speaker authenticity and voice emotion (Drolet et al., 2014).

A. Effects of aging on perception of periodicity cues

Young normal hearing listeners are quite good at dis-

criminating f0s, and typically require approximately 1% dif-

ference, or less, between the f0 of two signals in order to

achieve good discrimination. Older normal-hearing listeners,

however, demonstrate a reduced ability to discriminate

between f0s and typically require twice the difference

between f0s to achieve a performance level equivalent to

their younger, normal hearing peers. These findings have

been demonstrated using harmonic complex stimuli and syn-

thetic vowels (Moore and Peters, 1992; Vongpaisal and

Pichora-Fuller, 2007).

Similar findings have been reported when electrophysio-

logic and neurophysiologic measures were used, generally

indicating senescent declines in temporal coding. For exam-

ple, Purcell et al. (2004) measured the envelope-following

responses in younger and older listeners, and demonstrated

reduced amplitude in the older individuals for envelope fre-

quencies greater than 100 Hz. The authors suggested that

such results support decreased temporal acuity in the aging

auditory system, and in particular, a deficit in auditory brain-

stem function. These results are corroborated by subsequent

electrophysiologic evidence (Anderson et al., 2011; Grose

et al., 2009) and collectively demonstrate diminished perio-

dicity coding in elderly listeners, particularly at higher mod-

ulation rates (those �100 Hz).

B. Hearing loss, cochlear implants (CIs)
and f0 perception

Less is known about how hearing loss, and particularly

cochlear implantation, may affect an older listener’s ability

to perceive f0 cues in the voice pitch range. While individu-

als with normal hearing rely heavily on f0 cues for various

aspects of speech perception, previous studies have docu-

mented that, owing to poorer spectral resolution, listeners

with hearing impairment or listeners with CIs are not able to

take advantage of f0 cues as readily as those with normal

hearing. These listeners are, however, still able to achieve

some, albeit reduced, perception of f0 cues (Arehart, 1994;

Chatterjee and Peng, 2008; Qin and Oxenham, 2005). While

sensorineural hearing loss typically results in some
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broadening of the peripheral auditory filters, most listeners

with hearing impairment are able to use low-frequency spec-

tro-temporal cues to process voice pitch. For instance, even

listeners with significant bilateral hearing loss who wear a

CI on one side, are able to benefit from acoustic f0 cues

transmitted by the hearing aid on the other side (Brown and

Bacon, 2010; Kong et al., 2005). In listeners with a moderate

to severe hearing loss (who presumably have broadened au-

ditory filter bandwidths) temporal envelope cues may be

available via the unresolved harmonics even though spectral

cues are diminished (Bernstein and Oxenham, 2006). As

spectral cues become degraded, such listeners may rely more

on available temporal envelope cues to perceive f0
information.

Unlike listeners with hearing impairment who are able

to use both resolved and unresolved harmonics (via the tem-

poral envelope) to some extent, listeners with CIs rely more

on temporal envelope cues, which are somewhat preserved

in most speech processing strategies. CIs provide relatively

coarse spectral resolution due to electrical current spread

and, possibly, additional spectral degradation due to neural

degeneration. Furthermore, the temporal fine structure cues

required to determine f0 are not conveyed in CI processing.

Previous studies estimate that the average CI users’ perform-

ance does not improve beyond eight spectral channels,

depending on the speech stimulus and listening environment

(Fishman et al., 1997; Friesen et al., 2001).

Despite limited spectral cues, it appears that listeners

with CIs are able to perceive f0 cues via the temporal enve-

lope. For example, Chatterjee and Peng (2008) measured

modulation frequency discrimination abilities in listeners

with CIs using direct stimulation methods. Results were

highly variable across subjects but showed median modula-

tion frequency discrimination thresholds (percent Weber

fractions) of CI users were approximately 10% to 20% for

standard rates of 100 and 200 Hz, respectively. These results

approximate thresholds obtained in normal hearing individu-

als tested with sinusoidally amplitude modulated (SAM)

noise stimuli (Formby, 1985; Grant et al., 1998) or noise-

band vocoded (NBV) CI simulations (Qin and Oxenham,

2005), despite significant variability in performance among

the CI listener cohort. Chatterjee and Peng (2008) showed

that performance on the modulation frequency discrimina-

tion task correlated with CI listeners’ sensitivity to an acous-

tic f0 in a speech intonation task when listening with their

everyday speech processor. Similarly, Luo et al. (2008)

showed significant correlations between Mandarin-speaking

listeners’ lexical tone recognition and their sensitivity to

temporal envelope cues. These results suggest that the meas-

ured psychophysical sensitivity to temporal envelope cues

might translate to a real-life benefit for CI patients.

Chatterjee and Peng (2008) and Chatterjee and Oberzut

(2011) found that factors such as the stimulating electrode,

the envelope modulation depth, the level, and the availability

of loudness cues might influence CI listeners’ sensitivity to

envelope periodicity cues to some extent. Thus, one might

expect that speech processing strategies and processor set-

tings might influence listeners’ performance in real-world

tasks with multi-channel stimuli. In a recent study, Galvin

et al. (2015) showed that multi-channel and single-channel

psychophysical sensitivity to envelope periodicity was simi-

lar as long as the overall loudness remained constant. This

might partially explain why results obtained in single-

channel stimulation paradigms have been found to relate to

real-world performance by CI listeners. Despite these recent

studies, little is known about how the age of the CI listener

might interact with their sensitivity to envelope periodicity.

By focusing on this question in younger and older normally

hearing listeners attending to CI-simulated stimuli, we

address the question independently of the many sources of

variability that might confound a study with actual CI

patients and/or listeners with hearing loss.

C. Aging and perception of temporal envelope-based
pitch

The perception of temporal envelope pitch cues has

been quantified among younger normal hearing adult listen-

ers, but less is known about how such abilities might be

affected by the age of the adult listener. The ability of older

adult listeners to detect the presence of amplitude modula-

tion in broadband noise is relatively unaffected by age

(Takahashi and Bacon, 1992). The influence of aging on the

ability of adults to detect changes in the frequency of audible

amplitude modulation, however, remains unclear. Moore

and Peters (1992) investigated the ability of a small group of

younger and older normal hearing listeners and older listen-

ers with hearing impairment to detect changes in f0, while

manipulating the number of harmonics in a 12-harmonic

complex. In one condition, listeners were tested on their abil-

ity to detect changes in f0 when stimuli only contained the

highest harmonics (6–12); in this case, it was assumed that

any discrimination was based on temporal envelope pitch via

unresolved harmonics. The performance of older listeners

was worse than that of younger listeners, regardless of hear-

ing status, for all reference f0 values (50–400 Hz). Mean f0
DLs were approximately 1% in younger normal hearing lis-

teners and ranged from 1.5%–3% for older normal hearing

listeners (for 50–400 Hz, respectively). Despite these results,

it is unknown if listeners were relying solely on temporal en-

velope pitch information to perform the task, as a low-

frequency masker was not used. Studies have shown that a

low-frequency masker is needed to limit the perception of

distortion products that aid in the salience of f0 perception

(Smalt et al., 2012). Furthermore, studies suggest that per-

haps up to the tenth harmonic of a complex signal may be

considered “resolved harmonics” (Bernstein and Oxenham,

2003).

More recently, Souza et al. (2011) measured f0DLs in

younger normal hearing listeners and older listeners with

slight to mild hearing loss (gain frequency shaped stimuli

were used to account for between-group threshold differen-

ces). Stimuli consisted of an eight-channel, noise-band-

vocoded (NBV) vowel stimulus. Stimulus f0s ranged from

100 to 130 Hz. Results showed that older listeners required

larger f0DLs compared to younger listeners for both unpro-

cessed and eight channel NBV stimuli. The authors note an

apparent interaction between age and stimulus type (the
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between-group difference in performance was especially

apparent for the NBV stimulus and older adults showed

greater variability with the NBV stimulus as well), but this

difference was not statistically significant.

In a previous study we measured the ability of younger

and older normal hearing listeners to discriminate between

voice genders when vowel stimuli were systematically

manipulated to contain varying degrees of spectral and tem-

poral cues (Schvartz and Chatterjee, 2012). Results showed

that older adults demonstrated poorer results on several con-

ditions, particularly those in which only temporal envelope

cues were available (i.e., one-channel condition) to glean

voice gender. However, it is uncertain to what degree voice

gender cues other than f0 that are present in speech contrib-

uted to these results. Studies have demonstrated that vocal

tract length also contributes to the perception of gender iden-

tification when spectral cues are reduced (see Fuller et al.,
2014, for review).

Stimuli used in Souza et al. (2011) were confined to

eight-channel NBV processing using an f0 in the range of

100–130 Hz. It is of interest to systematically measure f0 dis-

crimination using varying degrees of spectral cues and to do

so using f0 values that reflect both male and female voices,

particularly given that previous studies have suggested that

age-related differences in performance are greater at higher

f0 values (Grose et al., 2009; Purcell et al., 2004).

Given the importance of complex pitch cues in everyday

speech and audio perception, it is important to determine the

extent to which aging might affect one’s ability to discrimi-

nate between different f0s when spectral cues are altered.

While previous studies do suggest that aging affects the use

of primarily temporal envelope cues for f0 discrimination,

the current study used controlled stimuli to systematically

vary available spectral cues. The aim of the current study

was to gain a more detailed understanding of how adult age

affects f0 coding as listeners transition from using primarily

spectral (or spectro-temporal) to primarily temporal-

envelope cues.

II. METHODS

A. Participants

Participants were 25 normal hearing males and females,

recruited for placement in two different groups based on

their age at the time of testing: younger (ages 21–26; mean-

¼ 21.9, standard deviation [SD]¼ 1.62) or older (ages

60–77; mean¼ 64.7, SD¼ 5.43). The younger normal hear-

ing group consisted of 12 individuals (seven males, five

females) and the older normal hearing group consisted of 13

individuals (three males, ten females). All participants were

required to have pure-tone thresholds �20 dB hearing level

(HL) from 250 to 4000 Hz in the test ear (ANSI, 2004). See

Table I for audiometric data. All participants in the older age

group obtained scores within the normal range on the Mini

Mental State Examination (MMSE) (Folstein et al., 1975), a

screening test used to identify gross cognitive dysfunction.

B. Stimuli

All signals were created online (44 100 Hz sampling rate)

and delivered through a custom graphical user interface devel-

oped in MATLAB. Stimuli were harmonic complexes,

300 ms in duration. The starting phase for the f0 and associ-

ated partials was always fixed at 0�. Signals were created by

first generating equal-amplitude harmonics between 100 and

4000 Hz. The f0 and number of harmonics in each signal var-

ied depending upon the condition; however the highest har-

monic was selected so that each stimulus did not contain

information above 4000 Hz. For each signal, the f0 and parti-

als were summed to create a harmonic complex series. Noise-

band vocoding was similar to the process described by

Shannon et al. (1995). Each harmonic series was first band-

pass filtered into 1, 8, or 24 channels (Chebychev, 40 dB/

octave) depending on the condition, and the unaltered tempo-

ral envelope was then extracted from each channel using a

Hilbert transform. The division frequencies used for the band-

pass filtering were determined by using the logarithmic equa-

tion provided in Greenwood (1990) which estimates filter

characteristics in the cochlea. Specific values of the division

frequencies and bandwidths for each filter are shown in Table

II. Freshly generated noise was used in each trial to create a

noise-band equal in bandwidth and center frequency. Each of

these noise-bands was multiplied with the corresponding tem-

poral envelope. The outputs of all of the modulated noise

bands were summed and low-pass filtered at 4000 Hz

(Chebychev, 80 dB/octave). A Tukey window (a rectangular

window with symmetric cosine shaped rising and falling

edges) using the MATLAB “tukeywin” command was

applied to the time domain of all stimuli to avoid transients

and minimize spectral splatter. The rising and falling portions

of the window each occupied 10% of the full length of the

signal. Across-channel processing delays due to filtering were

compensated for using zero-phase forward/backward filters.

Last, all stimuli were equalized in root-mean-square value

before presentation. Figures 1 and 2 show time amplitude

waveforms of the noise-band vocoded harmonics complexes

in the case of f0¼ 100 and 200 Hz, respectively.

C. Procedure

A two-down, one-up, 3-alternative forced choice

(AFC) procedure was used to measure f0 discrimination

TABLE I. Average audiometric air-conduction pure-tone thresholds (dB

HL) at each frequency tested and pure-tone average (PTA¼ average thresh-

olds at 500, 1000, and 2000 Hz) for each age group. Standard deviations are

shown below each respective average value.

Audiometric pure-tone thresholds (dB HL)

Frequency (Hz)

250 500 1000 1500 2000 3000 4000 PTA

YNH

AVG 8.3 8.3 7.1 6.0 7.1 9.5 5 7.5

SD 6.5 4.4 5.8 3.2 4.9 5.2 3.6 4.1

ONH

AVG 13.8 11.5 11.5 10.8 11.9 15 13.0 11.6

SD 5.8 3.7 3.1 5.1 4.8 4.7 5.2 2.5
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(threshold¼ 70.7%; Levitt, 1971), in which two of the inter-

vals contained a reference stimulus with f0 value equal to

100 or 200 Hz, while a third interval contained the experi-

mental value (always greater than the reference f0). The ex-

perimental stimulus was presented at random in one of the

three intervals. The f0 value of the experimental stimulus

was adapted for a maximum of ten reversals or 55 total trials

(whichever occurred first). A minimum of eight reversals

was required to calculate the average f0 value; if eight rever-

sals could not be reached in 55 trials, the run was aborted.

Initial and final adaptive step sizes varied depending on the

condition and listener’s sensitivity, and were either 4 and

2 Hz, 2 and 1 Hz, or 1 and 0.5 Hz. In general, smaller step

sizes were used for a lower reference value (i.e., 100 Hz) and

conditions in which stimuli contained more spectral cues

(e.g., unprocessed or 24 channels), whereas larger step sizes

were required for a higher reference value (i.e., 200 Hz) and

conditions in which stimuli contained fewer spectral cues

(e.g., 1 channel). The mean was calculated from the last four

reversals of a run, and that value was taken as the f0DL.

Stimuli were output through an external soundcard

[Edirol 25-UAEX (Roland Corporation US, Los Angeles,

CA)] and mixer [RaneSM26B (Rane Corporation, Mukilteo,

WA)], before being delivered through a calibrated circumau-

ral headphone [Sennheiser HDA 200 (Sennheiser Electronic

Corporation, Old Lyme, CT)]. All stimuli were delivered

monaurally at 65 dBA in the better-hearing ear. When both

ears were deemed equally sensitive, the right ear was used.

Participants were tested in a double-walled, sound-proof

booth using a computer interface. The computer interface

displayed boxes (labeled “1,” “2,” and “3”) which appeared

sequentially, but simultaneous with the corresponding refer-

ence or experimental stimuli. Using a mouse, listeners were

asked to click on the box that contained the “different”

sound (experimental f0). The inter-stimulus-interval was

400 ms, and there was no time limit within which the subject

was asked to respond. After the subject made a selection, the

next sequence of sounds was played 600 ms later.

Subjects received practice before being tested; one run

of every condition was provided as practice and individuals

received feedback about their response in the form of text

that appeared at the top of the screen (“correct” or

“incorrect”). A practice run of each condition (each refer-

ence f0 for each NBV condition) was presented prior to test-

ing. The practice conditions were presented in a randomized

order. After completing the practice run, listeners completed

one threshold estimation run in each condition, with condi-

tions run in random order, and this sequence of conditions

was completed twice. Feedback was not provided during the

test trials. These two runs were used to calculate the final

mean performance. In cases when the difference between the

thresholds of the two means was greater than 15%, another

run was performed, and then the average of all three runs

was calculated as the final mean.

III. RESULTS

Results of the f0DL task are shown in Figs. 3 and 4 for

reference f0s of 100 and 200 Hz, respectively. Within each

graph, the abscissa represents the degree of spectral degrada-

tion/number of channels, whereas the ordinate represents the

discrimination threshold in Weber fraction (Df0/reference

f0� 100) on a log scale. For each box plot shown, the bottom

of the shaded area represents the 25th percentile, a line within

the box marks the median, and the top of the shaded area indi-

cates the 75th percentile. Whiskers (error bars) above and

below the box indicate the 90th and 10th percentiles.

Individual data points show outliers, above and below the

90th and 10th percentiles, respectively. The results of younger

participants (darker gray shaded boxes) are shown in compari-

son to the older participants (lighter shaded boxes).

Data were analyzed using SPSS (version 22.0). A split-

plot analysis of variance (ANOVA) was performed to

analyze the data obtained for the f0DL task with two within-

group factors (number of channels [“channels”] and refer-

ence f0 value [“f0”]), and one between-group factor (Age

group [“age”]). All data analyses were conducted on log-

transformed values of Weber fractions. The Greenhouse-

Geisser correction was used for interpretation of the results

when the assumption of sphericity was violated. Analyses

revealed a significant main effect of channels (F[3,

69]¼ 304.79, p< 0.001) and a significant main effect of age

(F[1,23]¼ 14.75, p< 0.001). Analyses also indicated a sig-

nificant interaction between channels and f0 (F[3,

69]¼ 24.97, p< 0.001). The main effect of Frequency (F[1,

TABLE II. Division frequencies used for noise-band vocoding of harmonic

complex stimuli. The minimum (Min), maximum (Max) and bandwidth

(BW) frequency values are given for each channel number in the 24- and 8-

channel conditions. The 1-channel condition is not shown.

Channel number

Division frequencies for noise-band vocoding (Hz)

Number of channels

24 8

Min Max BW Min Max BW

1 100 131 31 100 204 104

2 131 165 34 204 352 148

3 165 204 39 352 563 211

4 204 248 44 563 863 300

5 248 297 49 863 1291 428

6 297 352 55 1291 1900 609

7 352 414 62 1900 2766 866

8 414 484 70 2766 4000 1234

9 484 563 79

10 563 652 89

11 652 751 99

12 751 863 112

13 863 989 126

14 989 1131 142

15 1131 1291 160

16 1291 1470 179

17 1470 1672 202

18 1672 1900 228

19 1900 2155 255

20 2155 2443 288

21 2443 2766 323

22 2766 3130 364

23 3130 3539 409

24 3539 4000 461

1690 J. Acoust. Soc. Am. 138 (3), September 2015 Kara C. Schvartz-Leyzac and Monita Chatterjee



23]¼ 0.00, p¼ 0.994) and interactions between frequency

and age (F[1,23]¼ 0.482, p¼ 0.494), number of channels

and age (F[3,21]¼ 1.45, p¼ 0.255), and frequency� number

of channels� age (F[3, 21]¼ 0.414, p¼ 0.745) were not sig-

nificant. Follow-up analyses included paired or independent

t tests and the Bonferroni correction was applied appropri-

ately to interpret the results.

Follow up testing revealed that (collapsed across subject

group) within the 100 Hz condition, only the 1- and 24-

channel conditions were not significantly different from one

another (Family-wise criteria¼ p< 0.05; Bonferroni cor-

rected value¼ p< 0.008). In all other comparisons, there

was a significant effect of number of channels. Both age

groups performed best when listening to an unprocessed sig-

nal (across-group geometric mean¼ 1.53 Hz), and perform-

ance was worst when listening to the eight-channel condition

(across-group geometric mean¼ 13 Hz). Similarly, within

the 200 Hz condition, only the one- and eight-channel condi-

tions were not significantly different from one another

(Familywise criteria¼ p< 0.05; Bonferroni corrected

FIG. 1. Time amplitude waveforms of

noise-band vocoded harmonic complex

stimuli for an f0¼ 100 Hz. Shown are

the outputs when (A) 1, (B) 8, or (C)

24 division bands are used to create

noise-band vocoded stimuli.

FIG. 2. Same as Fig. 1, but with f0 of

the harmonic complex¼ 200 Hz.
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value¼ p< 0.008). In all other comparisons, there was a sig-

nificant effect of number of channels. Analysis of the 200 Hz

reference f0 condition showed that both groups performed

best when listening to an unprocessed signal (across-group

geometric mean¼ 1.15 Hz), and performance was worst

when listening to the one- and eight-channel conditions

(across-group average geometric means¼ 1.50 and 1.94 Hz,

respectively). When data are collapsed across age group and

reference f0, follow-up testing revealed that only the one-

and eight-channel conditions were not significantly different

from one another (Family-wise criteria¼ p< 0.05;

Bonferroni corrected value¼ p< 0.008). Follow-up testing

also revealed that, in general, performance for the 100 Hz

reference frequency yielded better difference limens when

compared to performance for the 200 Hz condition (col-

lapsed across age group and number of channels). The only

exception to this finding was a non-significant difference

between the one- and eight-channel conditions.

Subjects were recruited to have normal hearing through

4000 Hz, and stimuli were carefully constructed to keep

within the limits of normal hearing for all subjects.

However, correlational analyses were performed in order to

address possible contributions of peripheral hearing sensitiv-

ity to the results of the f0 discrimination task. Pearson corre-

lation (two-tailed) analyses were performed between the

average pure-tone audiometric thresholds from 250 to

4000 Hz and f0DL values for each test condition (eight com-

parisons total), for all subjects. A Bonferroni correction was

applied as is appropriate when examining multiple compari-

sons. Results showed no significant relationship between the

puretone thresholds and f0DL limens for any of the eight

comparisons (Family-wise criteria¼ p< 0.05; Bonferroni

corrected value¼ p< 0.006). However, results should be

interpreted with caution due to the limited number of sub-

jects who participated in the study.

IV. DISCUSSION

Taken together, the present results show that the per-

formance of the older normal hearing group was worse than

that of the younger normal hearing group for all conditions.

These findings suggest impaired periodicity coding in older

listeners, regardless of the degree to which spectral cues

where degraded. In other words, older listeners’ ability to

perceive f0 information is not dependent on the mechanism

with which cues are conveyed (via the temporal envelope,

temporal fine structure cues or a combination of these two

mechanisms).

Previous studies using non-speech (harmonic com-

plexes) and synthetic speech stimuli (synthetic vowels)

revealed that f0DLs among older listeners were �2%

whereas those of younger listeners were �1% when harmon-

ics could be resolved (Moore and Peters, 1992; Vongpaisal

and Pichora-Fuller, 2007). The current study corroborates

such findings, as average f0DLs for unprocessed harmonic

complexes were 1.17% (100 Hz) and 0.93% (200 Hz) for

younger normal hearing listeners. Conversely, average

f0DLs for unprocessed harmonic complexes were 2.79%

(100 Hz) and 1.9% (200 Hz) for older normal hearing listen-

ers. The effect of aging on periodicity coding was independ-

ent of modulation frequency for all stimuli, as similar

age-related deficits were found for 100 and 200 Hz reference

stimuli.

For the current study, a consideration of the cues avail-

able to the listener in each condition may shed some light on

the patterns of observed results. The one-channel condition

yielded deeper modulation than the eight-channel condition,

because of the greater number of harmonics being summed.

Further, it is likely that the presence of auditory filters in the

eight-channel condition reduces the effective modulation

depth when compared to the modulation depth of the one-

channel condition. The 8-channel condition would have

likely provided poorer envelope cues within each band than

the 1-channel condition, and also poorer spectral cues for

pitch than the 24-channel condition. The 24-channel condi-

tion would have provided the shallowest modulation, but

better spectral resolution. This pattern of cue-availability is

observed in the perceptual data in the 100-Hz f0 condition,

where listeners’ thresholds for 1-channel and 24-channel

FIG. 3. Results of the fundamental frequency (f0) discrimination task

(Reference¼ 100 Hz) representing data obtained in younger and older listen-

ers. The abscissa represents the degree of spectral degradation/number of

channels, whereas the ordinate represents the discrimination threshold in

Weber fraction (Df0/reference f0� 100) on a log scale. For each box plot

shown, the bottom of the shaded area represents the 25th percentile, a line

within the box marks the median, and the top of the shaded area indicates

the 75th percentile. Whiskers (error bars) above and below the box indicate

the 90th and 10th percentiles. Individual data points show outliers, above

and below the 90th and 10th percentiles, respectively. The results of younger

participants (darker gray shaded boxes) are shown in comparison to the

older participants (lighter shaded boxes).

FIG. 4. Same as Fig. 3, with a f0 reference rate¼ 200 Hz.
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stimuli were similar, and lower (better) than their thresholds

for eight-channel stimuli. In the 200-Hz f0 condition, listen-

ers’ envelope sensitivity may have been too poor for

them to benefit from the deeper modulation depths in the

one-channel condition over the eight-channel condition:

thus, the thresholds obtained in those two conditions were

equivalent and both higher than in the 24-channel condition.

One caveat to this interpretation and its application to CI

recipients is that the 24-channel noise-band vocoding simu-

lation provides different (and most likely better) spectral

cues than those available to most CI recipients.

Modern CI devices convey approximately eight to ten

spectral channels on average (Friesen et al., 2001; Fishman

et al., 1997). The results of the present study show that when

listening with eight spectral channels, younger listeners’ av-

erage difference limen was approximately 11% and 12.5%

for 100 and 200 Hz reference f0 conditions, respectively.

Likewise, when listening with eight spectral channels, older

listeners’ average difference limen was approximately 20%

and 23% for 100 and 200 Hz reference f0 conditions, respec-

tively. This comparison suggests that, on average, older CI

recipients may require a greater difference in f0 in order to

reliably discriminate between two sequential talkers.

These results obtained in younger normal hearing lis-

teners closely match those reported in previous studies

(Qin and Oxenham, 2005). In the current study, older lis-

teners exhibited greater difficulty perceiving f0 information

using temporal envelope cues for both 100 and 200 Hz ref-

erence stimuli, and therefore it could be expected that the

perception of spectrally degraded male and female voices

would be equally affected by aging. Overall, these results

confirm previous findings that used neurophysiologic and

electrophysiologic methods, and consequently lend further

support for senescent decline in temporal envelope pitch

processing.

For example, neurophysiologic experiments in labora-

tory animals show that single-unit responses to SAM noise

recorded from the inferior colliculus (IC) also change as a

function of age (Walton et al., 2002). Walton et al. (2002)

recorded single-unit responses in the IC to SAM noise in

young and old CBA mice. Stimuli were 100% amplitude

modulated, and modulation frequencies varied from 10 to

800 Hz. Results showed an increase in spike count and

phase-locking among older mice. Units from older mice

tended to produce greater spike counts and phase locking to

multiple SAM rates, whereas units from younger mice

tended to exhibit lower spike counts and better rate specific-

ity. The strongest responses among younger mice occurred

at higher modulation frequencies (200–400 Hz), while the

strongest responses among older mice occurred at lower

modulation frequencies (40–100 Hz). However, in the pres-

ent study, we found that f0 discrimination using temporal en-

velope cues (one-channel condition) did not depend on the

reference f0. We did not find that older listeners’ perform-

ance was worse with a higher modulation rate (200 Hz) com-

pared to a lower modulation rate (100 Hz) for any of the

NBV conditions, as might be expected given the results of

previous studies (Grose et al., 2009; Purcell et al., 2004;

Walton et al., 2002).

The lack of significant interactions between age group

and reference f0 is somewhat surprising based on these pre-

vious studies. However, two separate issues might account

for the difference between the results reported in the present

study and those of previous studies. The first is related to the

specific modulation frequencies and/or f0s tested. For exam-

ple, Grose et al. (2009) found an interaction between aging

and modulation frequency when they measured Auditory

Steady State Responses (ASSR) in normal hearing listeners.

Modulation frequencies used to measure the ASSR were 32

and 128 Hz. In fact, studies measuring ASSR in older adults

show no age effect for very low frequencies (<40 Hz) but do

find an age effect in higher frequencies (>128 Hz). As dis-

cussed previously, Walton et al. (2002) found that strongest

responses among younger mice occurred at higher modula-

tion frequencies (200–400 Hz), while the strongest responses

among older mice occurred at lower modulation frequencies

(40–100 Hz). Therefore, age-related differences in periodic-

ity coding may be dependent on the frequency of the stimu-

lus within a broader range of modulation frequencies than

those used in the present experiment.

One must also take into consideration the unit choice

when analyzing results. The current study used log trans-

formed data for all analyses, while it appears that some pre-

vious studies chose to analyze data using a linear scale (for

example, Grose et al., 2009, among others). This decision

will obviously affect the relative magnitudes of the age

effects observed at each reference frequency and could influ-

ence the overall outcome of the results. In fact, when data in

the current study are analyzed using a linear scale, it changes

the interpretation of the data significantly; a significant inter-

action is noted between age group, spectral degradation, and

reference f0. Specifically, between-group differences in f0
discrimination increase as the number of spectral channels is

reduced. This effect is greater for the 200 Hz reference con-

dition. The Shapiro-Wilk test was performed on both the lin-

ear (raw) data set as well as the log transformed data set. We

found that normality was violated for all conditions when

data were analyzed in linear form; however, normality was

not violated when data were analyzed in log units. Because

the ANOVA assumes a normal distribution of data, the data

can be more accurately interpreted when converted to log

units.

The results of the current study are generally in keeping

with those of Schvartz and Chatterjee (2012) in which older

listeners exhibited poorer performance than younger listen-

ers when measured on a gender identification task using

stimuli of varying spectral and temporal cues. However,

those results suggested that older listeners show particular

difficulty discriminating voice-pitch when they are forced to

rely on temporal envelope cues to do so (one-channel condi-

tion). This finding is in contrast with the current study which

showed overall senescent decline in periodicity coding, for

both spectro-temporal and temporal-envelope based percep-

tion. This interpretation and comparison, of course, assumes

that in the current study subjects were able to use some spec-

tral cues as the number of channels increased. On the basis

of the results, this assumption seems valid but nonetheless

there is no way to specifically know which cues listeners
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were attending to for a given condition. Several cues other

than f0 also contribute to the total perception of voice gender

(Klatt and Klatt, 1990; Murry and Singh, 1980). Therefore, it

was important to isolate effects of aging on use of the f0 cue

alone. The current findings are also in agreement with those

reported by Souza et al. (2011) who found that f0 discrimi-

nation using an eight channel NBV vowel stimulus was also

age dependent.

Research suggests that noise carriers can create

increased modulation interference (Dau et al., 1999).

Specifically, the intrinsic fluctuations of the noise carrier can

interfere with detection of an imposed temporal envelope

modulation; the degree of interference depends on the noise

type and noise bandwidth. Such interference might have

well been present in our experiments, and might have

reduced listeners’ ability to process temporal envelope cues

overall. The fact that older listeners did not show significant

differences in the overall pattern than younger listeners, sug-

gests that they are not in fact more susceptible to the effects

of modulation interference than younger listeners, at least in

the context of our experimental tasks.

Outcomes of the current investigation suggest that older

listeners’ reduced ability to discern voice gender when spec-

tral cues are reduced, are at least in some part due to

impaired periodicity coding. While the current study sug-

gests older listeners may have difficulty using temporal en-

velope pitch information when stimuli are presented in

isolation, further studies are needed to determine how older

listeners might utilize f0 cues to perceptually segregate si-

multaneous spectrally degraded stimuli (e.g., speech under-

standing in the presence of another talker) which would be

more indicative of real-world listening. Regardless, results

of the current study could have important implications for

the counseling and rehabilitation of older CI recipients

regarding expectations and performance.
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