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Abstract

In a previous paper we reported the frequency selectivity, temporal resolution, nonlinear cochlear processing, and speech rec-
ognition in quiet and in noise for 5 listeners with normal hearing (mean age 24.2 years) and 17 older listeners (mean age 68.5 
years) with bilateral, mild sloping to profound sensory hearing loss (Gifford et al., 2007). Since that report, 2 additional par-
ticipants with hearing loss completed experimentation for a total of 19 listeners. Of the 19 with hearing loss, 16 ultimately re-
ceived a cochlear implant. The purpose of the current study was to provide information on the pre-operative psychophysical 
characteristics of low-frequency hearing and speech recognition abilities, and on the resultant postoperative speech recognition 
and associated benefit from cochlear implantation. The current preoperative data for the 16 listeners receiving cochlear implants 
demonstrate: 1) reduced or absent nonlinear cochlear processing at 500 Hz, 2) impaired frequency selectivity at 500 Hz, 3) nor-
mal temporal resolution at low modulation rates for a 500-Hz carrier, 4) poor speech recognition in a modulated background, 
and 5) highly variable speech recognition (from 0 to over 60% correct) for monosyllables in the bilaterally aided condition. As 
reported previously, measures of auditory function were not significantly correlated with pre- or post-operative speech recog-
nition – with the exception of nonlinear cochlear processing and preoperative sentence recognition in quiet (p=0.008) and at 
+10 dB SNR (p=0.007). These correlations, however, were driven by the data obtained from two listeners who had the highest 
degree of nonlinearity and preoperative sentence recognition. All estimates of postoperative speech recognition performance 
were significantly higher than preoperative estimates for both the ear that was implanted (p<0.001) as well as for the best-aided 
condition (p<0.001). It can be concluded that older individuals with mild sloping to profound sensory hearing loss have very 
little to no residual nonlinear cochlear function, resulting in impaired frequency selectivity as well as poor speech recognition 
in modulated noise. These same individuals exhibit highly significant improvement in speech recognition in both quiet and 
noise following cochlear implantation. For older individuals with mild to profound sensorineural hearing loss who have dif-
ficulty in speech recognition with appropriately fitted hearing aids, there is little to lose in terms of psychoacoustic processing 
in the low-frequency region and much to gain with respect to speech recognition and overall communication benefit. These 
data further support the need to consider factors beyond the audiogram in determining cochlear implant candidacy, as old-
er individuals with relatively good low-frequency hearing may exhibit vastly different speech perception abilities – illustrating 
the point that signal audibility is not a reliable predictor of performance on supra-threshold tasks such as speech recognition.
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AUDICIÓN, PSICOFÍSICA E IMPLANTES COCLEARES: EXPERIENCIAS DE 
INDIVIDUOS MAYORES CON PÉRDIDA AUDITIVA SENSORIAL DE LEVE A 
PROFUNDA

Resumen

En un artículo anterior, informamos de la selectividad de frecuencia, la solución temporal, el procesamiento coclear no lineal y 
el reconocimiento de voz en silencio y en ruido para 5 oyentes con audición normal (edad media de 24,2 años) y 17 oyentes ma-
yores (edad media de 68,5 años) con pérdida auditiva sensorial bilateral de suave a profunda (Gifford et al., 2007). Desde ese in-
forme, 2 participantes adicionales con pérdida auditiva completaron la experimentación llegando a un total de 19 oyentes. De 
los 19 con pérdida auditiva, 16 recibieron finalmente un implante coclear. El propósito del actual estudio era informar sobre las 
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características psicofísicas preoperatorias de la audición de baja frecuencia y las capacidades de reconocimiento de voz, así como 
sobre el reconocimiento postoperatorio de voz resultante y el beneficio asociado de los implantes cocleares. Los actuales datos 
preoperatorios de los 16 oyentes que recibieron un implante coclear demuestran: 1) un procesamiento coclear no lineal reducido 
o ausente a 500 Hz, 2) una selectividad de frecuencia disminuida a 500 Hz, 3) una resolución temporal normal a un índice de mo-
dulación bajo para una portadora de 500 Hz, 4) un reconocimiento de voz pobre en un fondo modulado, y 5) un reconocimiento 
de voz altamente variable (desde 0 hasta más del 60% correcto) para monosílabos en condiciones de ayuda bilateral. Como se in-
formó anteriormente, las mediciones de la función auditiva no estaban significativamente correlacionadas con el reconocimien-
to de voz preoperatorio y postoperatorio, a excepción del procesamiento coclear no lineal y el reconocimiento preoperatorio de 
frases en silencio (p=0.008) y a +10 dB SNR (p=0.007). Sin embargo, estas correlaciones estaban motivadas por los datos obteni-
dos de dos oyentes que tenían el grado más alto de no linealidad y reconocimiento preoperatorio de frases. Todas las estimacio-
nes de rendimiento del reconocimiento de voz postoperatorio fueron significativamente más altas que las estimaciones preope-
ratorias tanto para el oído donde se colocó el implante (p<0.001) como para la condición con la ayuda más adecuada (p<0.001). 
Podemos concluir que los individuos mayores con pérdida auditiva sensorial de suave a profunda tenían muy pocas o ninguna 
función coclear no lineal residual, lo que resultó en una selectividad de frecuencia disminuida y un reconocimiento de voz po-
bre en ruido modulado. Estos mismos individuos exhiben una mejora significante en el reconocimiento de voz tanto en silen-
cio como en ruido después de colocar el implante coclear. Para los individuos mayores con pérdida auditiva sensorial de suave a 
profunda que tienen dificultades para reconocer la voz con audífonos debidamente ajustados, hay poco que perder en cuanto al 
procesamiento psicoacústico en la región con baja frecuencia y mucho que ganar en cuanto al reconocimiento de voz y los be-
neficios generales en la comunicación. Estos datos corroboran la necesidad de considerar otros factores diferentes al audiograma 
para determinar los candidatos a un implante coclear, ya que los individuos mayores con una audición de baja frecuencia rela-
tivamente buena muestran capacidades de percepción de la voz enormemente diferentes, ilustrando el punto de que la audibili-
dad de las señales no permite predecir de manera fiable el rendimiento en tareas de supraumbral como el reconocimiento de voz.

СЛУХ, ПСИХОФИЗИКА И КОХЛЕАРНАЯ ИМПЛАНТАЦИЯ: ОПЫТЫ С 
УЧАСТИЕМ СТАРШИХ ЛЮДЕЙ – ИМЕЮЩИХ ОТ ЛЕГКОГО СНИЖЕНИЯ ДО 
ПОЛНОЙ СЕНСОРНОЙ ПОТЕРИ СЛУХА

Резюме

В предыдущей исследовательской работе мы описывали частотную селективность, разрешающую способность 
по времени, нелинейную кохлеарную обработку и распознавание речи в тишине и при шуме у 5 слушателей с 
нормальным слухом (средний возраст 24,2 лет) и 17 старших слушателей (средний возраст 68,5 лет) с билате-
ральным легким снижением и с полной сенсорной потерей слуха (Гиффорд et al., 2007). С тех пор закончило эк-
сперимент два дополнительных участника с потерей слуха, всего – 19 слушателей. 16 из 19 с потерей слуха в ко-
нечном итоге получили кохлеарный имплант. Цель нынешнего исследования – дать информацию относительно 
предоперационной психофизической характеристики восприятия звуков низкой частоты, способностей распоз-
навания речи, в последствии постоперационного распознавания речи и связанных с этим преимуществ кохле-
арной имплантации. Актуальные предоперационные данные относительно 16 слушателей, получающих кохле-
арные импланты, показывают: 1) пониженную или отсутствующую нелинейную кохлеарную обработку при 500 
Гц, 2) ослабленную частотную селективность частоты при 500 Гц, 3) нормальную разрешающую способность по 
времени при низких уровнях модуляции несущей 500 Гц, 4) слабое распознавание речи на модулированном фоне 
и 5) высоко изменчивое распознавание речи (правильное - от 0 до более 60%) для односложных слов с билате-
ральным вспомоганием. Согласно предыдущему докладу, измерения слуховой функции не имели значительной 
связи с пред- или постоперационным распознаванием речи – за исключением нелинейной кохлеарной обработ-
ки и предоперационнго распознавания предложений в тишине (p=0.008) и при +10 дБ SNR (p=0.007). Однако 
эти соотношения были вызваны данными, полученными от двух слушателей, у которых имелась нелинейность 
самого высокого уровня и предоперационное распознавание предложений. Все оценки постоперационного рас-
познавания речи были значительно выше, чем предоперационные оценки для уха, в которое был вставлен им-
плант (p<0.001) и в состоянии с самыми лучшими вспомогательными устройствами (p<0.001). Можно сделать 
выводы, что старшие люди с легким снижением и с полной сенсорной потерей слуха имеют очень незначитель-
ную или отсутствующую остаточную нелинейную кохлеарную функцию, что ведет к ослабленной частотной 
селективности, а также к слабому распознаванию речи при модулированном шуме. У этих людей, вследствие 
кохлеарной имплантации, наступило очень значительное улучшение распознавания речи в тишине и при шуме. 
Старшим людям, имеющим от легкого снижения до полной сенсонейронной потери слуха, у которых были про-
блемы с распознаванием речи с соответственно вставленными слуховыми вспомогательными устойствами, не-
чего терять, имея в виду психоакустическую обработку в низкочастотной области, но они могут много выиграть, 
учитывая распознавание речи и общие коммуникационные преимущества. Эти данные еще более подтвержда-
ют необходимость рассмотрения факторов за пределами аудиограммы для определения кандидатур на кохле-
арную имплантацию, так как старшие люди с относительно хорошим низкочастотным слухом могут проявлять 
очень разные способности распознавания речи – иллюстрируя проблему сигнальной аудиоспособности, кото-
рая не является достоверной предпосылкой выполнения надпороговых заданий, таких как распознавание речи.

Original articles • 9-17

10 © Journal of Hearing Science®  · 2012 Vol. 2 · No. 4 



Background

Individuals with considerable low-frequency hearing are 
receiving cochlear implants at an increasing rate. Cur-
rent U.S. Food and Drug Administration (FDA) labeled 
candidacy indications include individuals with moderate 
sloping to profound sensorineural hearing loss. Thus it is 
logical that greater attention has been placed on under-
standing and describing the psychoacoustic properties of 
low-frequency hearing (e.g., Gifford et al., 2007, 2010; He 
et al., 2008; Brown and Bacon, 2009; Peters and Moore, 
2002) since individuals are combining electric and acous-
tic hearing either across ears (bimodal hearing) or within 
the same ear in cases of hearing preservation with coch-
lear implantation.

Psychophysical estimates of frequency selectivity obtained 
by deriving auditory filter (AF) shapes using the notched-
noise method (Patterson et al., 1982) have shown fre-
quency selectivity to be negatively correlated with audio-
metric threshold at the signal frequency (fs) (e.g., Peters 
and Moore, 1992). Thus for individuals with even mild 
to moderate hearing loss in the lower frequency region, 
impaired frequency selectivity is not unexpected. Broad-
ened auditory filters associated with impaired frequency 
selectivity can result in broadened auditory filters, which 
smear speech spectra across adjacent filters resulting in 
significantly poorer speech intelligibility, particularly in 
the presence of background noise (e.g., Baer and Moore, 
1994; Moore and Glasberg, 1993).

Audiometric threshold is also negatively correlated with 
nonlinear cochlear processing. In other words, increases in 
sensory hearing loss are associated with greater dysfunc-
tion and/or destruction of outer hair cells – which are re-
sponsible for the active or nonlinear cochlear mechanism. 
Individuals with mild to moderate hearing loss are expect-
ed to demonstrate reduced nonlinear cochlear processing, 
a mechanism responsible for high sensitivity, broad dy-
namic range, sharp frequency tuning, and enhanced spec-
tral contrasts via suppression. Thus, any reduction in the 
magnitude of the nonlinearity may result in one or more 
functional deficits, including impaired speech recognition.

Given the known relationships between hearing loss, ac-
tive cochlear mechanics, and spectral resolution, one might 
hypothesise that individuals with hearing loss rely more 
heavily upon temporal resolution for speech and sound 
recognition. Research has shown that temporal resolution 
in the apical cochlea of individuals with relatively good 
low-frequency hearing should be comparable to that of a 
normal-hearing listener under conditions of the same re-
stricted listening bandwidth (e.g., Bacon and Viemeister, 
1985; Bacon and Gleitman, 1992). Thus, it is reasonable to 
believe that when combining acoustic and electric hear-
ing in bimodal listening, normal or near-normal low-fre-
quency acoustic temporal resolution will be associated 
with high speech recognition performance.

Speech recognition in the presence of a temporally mod-
ulated background noise (as compared to a steady-state 
noise) provides an estimate of the degree of masking re-
lease or the listener’s ability to listen in the dips. Past re-
search has shown that listeners with hearing loss (e.g., 

Bacon et al., 1998) and listeners with cochlear implants 
(e.g., Nelson et al., 2003) demonstrate either a reduced or 
an absent masking release relative to listeners with normal 
hearing. It is believed that the degree of masking release 
represents a functional measure of temporal resolution. 
In particular, the masking of speech by 100% modulat-
ed noise is probably dominated by forward masking (e.g., 
Bacon et al., 1998) – for which temporal resolution will 
impact performance. Qin and Oxenham (2003) exam-
ined the effects of simulated cochlear-implant processing 
on speech perception in quiet, steady-state maskers and 
in temporally fluctuating maskers. They found that even 
with a large number of processing channels, the effects 
of simulated implant processing were more detrimental 
to speech intelligibility in the presence of the temporal-
ly complex masker than in the steady-state masker. Thus, 
speech perception measures in a temporally fluctuating 
background may provide a more realistic description of 
the listening and recognition difficulties experienced by 
cochlear implant recipients.

In a previous study, we reported on the psychophysi-
cal measures of frequency selectivity, temporal resolu-
tion, nonlinear cochlear processing, and speech recog-
nition in quiet and in noise, for 5 listeners with normal 
hearing (mean age 24.2 years) and 17 listeners (mean age 
68.5 years) with bilateral sensory hearing loss with audi-
ograms that would have qualified for the North Ameri-
can clinical trial of Med El’s electric and acoustic stimula-
tion (EAS) device or the Nucleus Hybrid implant (Gifford 
et al., 2007). Since that report, 2 additional participants 
with hearing loss completed experimentation, for a total 
of 19 listeners. Of the 19 with hearing loss, 16 ultimate-
ly received a cochlear implant. Thus the purpose of the 
current project was to provide, for these 16 older indi-
viduals with mild sloping to profound sensory hearing 
loss, information on the pre-operative psychophysical 
characteristics of low-frequency auditory function and 
speech recognition, and on the resultant postoperative 
speech recognition and associated benefit from cochle-
ar implantation.

Methods

Participants

Exactly 16 participants (12 male, 4 female) with hearing 
loss were evaluated. The participants had been previous-
ly recruited for a preoperative study examining psycho-
physical function of low-frequency hearing (Gifford et al., 
2007). All preoperative estimates of psychoacoustic func-
tion were obtained monaurally in the ear to be implant-
ed as per the referenced 2007 study. These listeners then 
went on to receive a cochlear implant which allowed for 
a comparison of pre- and post-implant auditory func-
tion. The mean age was 67.7 years with a range of 48 to 
85 years. All participants were paid an hourly wage for 
their participation. Figure 1 displays, for all participants, 
individual and mean preoperative audiometric thresholds 
for the implanted and non-implanted ears. The preoper-
ative low-frequency pure tone average (LF PTA, mean 
threshold for 125, 250, and 500 Hz) in the ear to be im-
planted is also shown in Table 1. Preoperative inclusion 
criteria for the study required that all participants meet 
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audiometric threshold criteria for inclusion in the North 
American clinical trial of EAS as outlined by Med El Cor-
poration (e.g., Gifford et al., 2007) or for the Nucleus Hy-
brid S8 device as outlined by Cochlear Americas (Gantz et 
al., 2009) for at least one ear. It is important to note, how-
ever, that although the listeners had EAS-qualifying audi-
ograms, they did not undergo hearing preservation sur-
gery with the EAS or the Hybrid device. Rather all study 
participants chose to undergo conventional cochlear im-
plantation with a standard long electrode. Participant de-
mographic data including age at implantation, device im-
planted, and months experience with implant at testing 
point are shown in Table 1.

General laboratory procedures

Recorded speech recognition stimuli were presented in 
the sound field via a single loudspeaker placed in front 
of the subject (0° azimuth) at a distance of 1 meter. The 
calibrated presentation level for the speech recognition 
stimuli was 70 dB SPL (A weighted). Stimuli used in the 
measurement of low-frequency acoustic processing were 
presented monaurally via Sennheiser HD250 stereo head-
phones. All psychophysical testing utilised an adaptive, 
three-interval, forced-choice paradigm with a decision 
rule to track 79.4% correct (Levitt, 1971). Stimuli were 
generated and produced digitally with a 20-kHz sampling 
rate. All gated stimuli were shaped with 10-ms cos2 rise/
fall times. All test stimuli were temporally centered with-
in the masker. Interstimulus intervals were 300 ms in all 
masking experiments. Testing was completed in a dou-
ble-walled sound booth.

Stimuli and conditions

Frequency resolution

As discussed in Gifford et al. (2007), frequency resolu-
tion was assessed by deriving auditory filter (AF) shapes 
using the notched-noise method (Patterson, 1976) in a 

simultaneous-masking paradigm. Each noise band (0.4 
times fs) was placed symmetrically or asymmetrically about 
the 500-Hz signal (Stone and Moore, 1992). The signal was 
fixed at 10 dB above absolute threshold [or 10 dB sensa-
tion level (SL)], and the masker level was varied adaptive-
ly. The masker and signal were 400 and 200 ms in dura-
tion, respectively.

Temporal resolution

Temporal resolution was assessed via both amplitude mod-
ulation (AM) detection and speech recognition in tem-
porally modulated noise. Amplitude modulation detec-
tion was assessed for modulation rates from 4 to 32 Hz, 
in octave steps. The 500-Hz carrier was fixed at 20 dB SL 
and gated with each 500-ms observation interval. Mod-
ulation depth was varied adaptively. Level compensation 
was applied to the modulated stimulus (Viemeister, 1979).

Speech recognition in temporally modulated noise was 
assessed via speech reception threshold (SRT) for the 
Hearing in Noise Test (HINT; Nilsson et al., 1994) us-
ing sentences in both steady-state (SS) and 10-Hz square 
wave (SQ, 100% modulation depth) noise. The noise spec-
trum was shaped to match the long-term average spec-
trum of the HINT sentences. The noise was fixed at an 
overall level of 70 dB SPL and the sentences were varied 
adaptively to achieve 50% correct. The SRT was achieved 
by concatenating two 10-sentence HINT lists that were 
presented as a single run. The last six presentation levels 
for sentences 15 through 20 were averaged to provide an 
SRT for that run. Two runs were completed per condi-
tion and the SRTs were averaged to yield a final SRT for 
each listening condition. Prior to data collection, every 
subject was presented with a trial run of 20 sentences for 
task familiarisation in both the bimodal and best-aided 
EAS listening conditions. The difference in the thresholds 
for the SS and SQ noises provides a measure of mask-
ing release or the listener’s ability to “listen in the dips” 
to obtain information about the speech stimulus and is 
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Figure 1.  Individual and mean preoperative audiometric thresholds, in dB HL, for the ear to be implanted as well as the 
non-implanted ear. Error bars represent ±1 standard deviation.
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thought to reflect a measure of temporal resolution (e.g., 
Bacon et al., 1998).

Nonlinear cochlear processing

Nonlinear cochlear processing was assessed via masked thresh-
olds for 500-Hz signals in the presence of both positively scaled 
(m+) and negatively scaled (m–) Schroeder phase harmonic 
complexes (e.g., Schroeder, 1970; Lentz and Leek, 2001). The 
m+ and m– Schroeder phase harmonic complexes have iden-
tical flat envelopes as they are simply time-reversed versions of 
one another. However, the m+ complexes tend to be less effec-
tive maskers. Researchers have hypothesised that the difference 
in masking effectiveness results from the m+ complexes pro-
ducing a more peaked response along the BM, coupled with 
fast-acting compression (e.g., Carlyon and Datta, 1997; Recio 
and Rhode, 2000; see also Oxenham and Dau, 2001) – an ef-
fect which is maximised when the phase curvature of the har-
monic complex is equal, but in opposition to the phase cur-
vature of the auditory filter in which the complex is centered.

Masker overall level was fixed at 75 dB SPL (63.9 dB SPL 
per component) and signal level was varied adaptively. The 
masker spectrum ranged from 200 to 800 Hz with a fun-
damental frequency of 50 Hz. The durations of the masker 
and signal were 400 and 200 ms, respectively. The signal 
was placed in the temporal center of the masker.

Estimates of speech recognition in quiet and in noise

Preoperative speech recognition was assessed for all par-
ticipants for words, sentences, and sentences in noise in 
the sound field at a calibrated presentation level of 70 dB 
SPL. Word recognition was assessed using one 50-item list 
of the consonant-nucleus-consonant (CNC, Peterson and 
Lehiste, 1962) monosyllables. Sentence recognition was as-
sessed using two 20-sentence lists of the AzBio sentenc-
es (Spahr et al., 2012) presented in quiet as well as at +10 
and +5 dB SNR (4-talker babble). The same metrics and 
presentation levels were used for all listeners both pre- 
and post-implant.

Subject Age at CI
(yrs) Device Months 

experience

Pre-CI
LF PTA
(dB HL)

ERB 
(Hz)

SPE (dB)
500 Hz

Mean
AM detection 

threshold
16–32 Hz

SRT
(dB SNR)
SS, SQ

1 55 CI24RE(CA) 7 61.7 – –0.8 –16.6 >20, >20

2 78 HR90K 1j 8 33.3 276 –1.5 –17.7 >20, >20

3 77 CI24RE(CA) 6 33.3 199 2.8 –15.5 17, >20

4 85 HR90K 1j 6 35.0 235 2.0 –17.4 >20, >20

5 84 HR90K 1j 7 37.5 236 7.0 –23.9 17.3, 16.0

6 80 CI24RE(CA) 5 36.7 259 2.8 –16.7 >20, >20

7 67 CI24RE(CA) 18 50.0 134 13.9 –22.1 14.7, 11.7

8 47 CI24RE(CA) 39 33.3 232 5.6 –18.5 >20, >20

9 70 CI24RE(CA) 28 61.7 – 1.2 –19.8 >20, >20

10 77 HR90K 1j 12 47.5 222 0.5 –21.3 16.3, 9.7

11 75 HR90K 1j 7 51.7 281 0.2 –21.6 >20, >20

12 64 HR90K 1j 18 31.7 – 5.0 –20.9 8.0, 8.0

13 62 HR90K 1j 23 35.0 229 5.7 –22.6 17.0, 13.0

14 62 CI24RE(CA) 20 50.0 178 2.7 –24.0 15.7, 12.7

15 48 CI24RE(CA) 70 23.3 – –3.5 –22.6 >20, >20

16 52 CI24RE(CA) 15 15.0 338 15.8 –18.7 10.7, 7.7

Mean 67.7 N/A 18.1 39.8 234.9 3.7 –20.0 14.6, 11.3

St dev 12.5 N/A 16.8 12.9 52.2 5.2 2.8 3.4, 3.0

Table 1.  Individual and mean demographic data including age at implantation, device implanted, months experience 
with implant at test point, and preoperative low-frequency pure tone average (LF PTA) in the implanted ear, in 
dB HL. Also displayed are individual and mean psychoacoustic estimates of frequency selectivity [equivalent 
rectangular bandwidth (ERB) of the auditory filter in Hertz], nonlinear cochlear function (Schroeder phase effect, 
SPE, in dB), amplitude modulation (AM) detection thresholds [average of 16 and 32 Hz in dB (20 log m)], and the 
speech reception threshold (SRT, in dB SNR) for steady-state (SS) and square-wave (SQ) noise. All psychoacous-
tic data were obtained preoperatively in the ear to be implanted. A horizontal line indicates that auditory filter 
shape could not be derived.  See results section for additional detail.   
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Results

Psychophysical estimates of auditory function

Auditory filter (AF) shapes were derived using a roex (p,k) 
model (Patterson et al., 1982) and the bandwidth was char-
acterised in terms of equivalent rectangular bandwidth 
[(ERB), Glasberg and Moore, 1990]. The individual and 
mean preoperative AF bandwidth values for the implant-
ed ears are shown in Table 1. AF shapes could not be de-
rived for four of the participants (#1, 9, 12, and 15) given 
that the probe could not be masked for the widest notch 
condition at the highest allowable masker spectrum level 
(50 dB SPL); for these four listeners, the ERB values were 
listed as horizontal dashed lines indicating that the AF 
shape and corresponding ERB could not be determined. 
The mean AF width, and associated standard deviation, 
was 234.9 and 52.2 Hz, respectively (with a range of 134 
to 338 Hz). As reported by Gifford and colleagues (2007), 
mean AF width for young listeners with normal hearing 
on this same task was 104 Hz with a range of 78 to 120 
Hz. Thus even preoperatively, the participants with EAS-
qualifying audiograms – who had relatively good low-fre-
quency hearing – exhibited impaired frequency selectivity.

Individual and mean modulation detection thresholds for 
the temporal modulation transfer function (TMTF) aver-
aged across 16 and 32 Hz are listed in Table 1. The mean 
modulation detection threshold averaged across 16 and 
32 Hz was –20.0 dB with a range of –24.0 to –15.5. As 

reported in Gifford et al. (2007), the mean TMTF thresh-
old averaged across 16 and 32 Hz for the normal-hearing 
listeners was –18.5 with a range of –23.2 to –11.8. Con-
sistent with what was reported in our prior work, tempo-
ral resolution – as determined by modulation detection 
at relatively low rates – was normal in this population of 
hearing-impaired listeners.

Individual and mean SRTs for the preoperative HINT in 
both the steady-state (SS) and square-wave (SQ) back-
ground noises are listed in Table 1. Within the hearing-
impaired group, there were 8 listeners who could not 
achieve 50% correct even at +20 dB SNR – these listeners’ 
SRTs are displayed as >20. Mean SRTs for the 8 listeners 
who were able to complete the task for the SS noise and 
the 7 listeners able to complete the task for the SQ noise 
were 14.6 and 11.3 dB SNR, respectively. For the listen-
ers with normal hearing reported in Gifford et al. (2007), 
mean SRTs were –2.7 and –17.5 dB SNR for the SS and 
SQ noises. Thus the normal-hearing listeners exhibited 
considerable temporal release from masking or the abili-
ty to listen in the dips. As compared to the listeners with 
normal hearing, the hearing-impaired listeners showed 
little to no benefit from listening in the dips of a modu-
lated noise masker.

Estimates of nonlinear cochlear processing, as defined 
by the peak-to-valley threshold differences for the m+ 
and m– Schroeder-masked thresholds, are shown in Ta-
ble 1 for individual participants as well as for the mean. 
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Figure 2.  Individual and mean speech recognition scores for the ear that was implanted in the preoperative (unfilled 
bars) and postoperative (filled bars) conditions for CNC monosyllabic words, and AzBio sentences in quiet, at 
+5 dB, and at +10 dB SNR. Error bars represent ±1 standard error.
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The mean Schroeder phase effect (SPE) was 3.7 dB with a 
range of –3.5 to 15.8 dB. For the individuals with normal 
hearing in Gifford et al. (2007), the mean SPE was 18.0 
with a range of 14.5 to 21.5 dB. Thus the majority of in-
dividuals with hearing loss exhibited little to no residual 
nonlinear cochlear function.

Speech recognition

Individual and mean speech recognition scores for both 
the pre- and post-implant conditions are displayed in 
Figures 2 and 3 for the ear that was implanted as well as 
for the best-aided condition, respectively. For any given 
measure administered preoperatively, there was consid-
erable variability across listeners, with inter-subject dif-
ferences up to 85 percentage points for CNC word recog-
nition. This variability represents nearly the entire range 
of possible scores for a group of individuals who had rel-
atively similar preoperative EAS-like audiograms. Post-
operatively, all participants exhibited improvement in 
performance for both the implanted ear as well as in the 
best-aided condition. At the group level, postoperative 
performance was significantly higher than preoperative 
performance for all measures tested. A two-way analy-
sis of variance was completed with metric and test point 
(pre- versus post-implant) as the variables. The analysis re-
vealed a highly significant effect of test point (F(1,15)=53.5, 
p<0.001) such that postoperative performance was sig-
nificantly higher than preoperative performance. There 
was also an effect of metric (F(1,3)=31.1, p<0.001) which 

was not unexpected given that performance levels differ 
across word recognition, sentence recognition in quiet, 
and in various levels of background noise. There was no 
interaction between test point and metric (p=0.51) such 
that postoperative performance was higher than preop-
erative scores and that did not vary as a function of the 
administered speech metric.

Individual speech recognition performance was assessed 
using a binomial distribution statistic for a 50-item list 
of monosyllabic words (Thornton and Raffin, 1978) and 
the AzBio sentences (Spahr et al., 2012). At the individu-
al level, postoperative CNC word recognition was signif-
icantly higher for all but 4 listeners (#6, 10, 12, and 16) 
in the implanted ear and all but 1 listener (#12) for the 
best-aided condition. For AzBio sentences in quiet, indi-
vidual performance was significantly higher in the ear that 
was implanted for 14 of the 16 listeners (excluding #9 and 
10); note that post-implant performance for participant 
#9 was 20-percentage points higher in the implanted ear, 
but did not reach significance for 2-list administration 
(Spahr et al., 2012). Comparing the best-aided condi-
tions pre- and post-implant, AzBio sentence recognition 
was significantly better for all 16 listeners postoperative-
ly. For AzBio sentences at +10 dB SNR, 14 of the 16 lis-
teners (excluding #3 and 10) exhibited significantly high-
er postoperative performance as compared to preoperative 
listening in the ear that was implanted. In a comparison 
of the best-aided conditions, all but 1 listener (partici-
pant #10) exhibited statistically significant improvement 
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Figure 3.  Individual and mean speech recognition scores for the best aided condition in the preoperative (unfilled bars, 
bilaterally aided) and postoperative (filled bars, bimodal hearing) conditions for CNC monosyllabic words, and 
AzBio sentences in quiet, at +5 dB, and +10 dB SNR. Error bars represent ±1 standard error.
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in performance for AzBio sentences at +10 dB – despite 
exhibiting a 17-percentage point improvement in perfor-
mance. For AzBio sentence recognition at +5 dB SNR, all 
individuals exhibited significant improvement in perfor-
mance for both the ear that was implanted as well as the 
best-aided condition.

In an attempt to relate speech recognition performance 
to psychophysical function, correlational analyses were 
completed. The psychophysical metrics used for correla-
tion were AF width in ERBs, AM detection threshold in 
dB (20 log m) averaged across 16 and 32 Hz, degree of 
masking release in dB, and SPE in dB. Each of the four 
psychophysical metrics was compared to performance on 
the preoperative and postoperative measures of speech 
recognition in the ear that was implanted. For the ma-
jority of Pearson product moment correlation analyses, 
there were no significant correlations between the psy-
chophysical metrics and speech recognition performance. 
The exceptions were SPE versus preoperative AzBio sen-
tence recognition in quiet (r=0.64, p=0.008) and at +10 
dB SNR (r=0.79, p=0.007). These correlations, however, 
were primarily driven by data for two participants (#7 and 
16) who exhibited the highest SPE as well as the highest 
preoperative speech recognition performance. No corre-
lations were found to be significant in preoperative meas-
ures of psychoacoustic function and postoperative speech 
recognition in the same ear.

Conclusions

The primary goal of this analysis was to revisit data collect-
ed for 16 individuals with EAS-qualifying audiograms de-
scribing psychoacoustic function for low-frequency hear-
ing (Gifford et al., 2007) in the preoperative condition as 
compared to postoperative performance for standard clin-
ical measures of speech recognition. As reported by Gif-
ford et al. (2007) there were significant impairments not-
ed in frequency selectivity, masking release (the difference 
in SRT between the SS and SQ conditions), and nonline-
ar cochlear processing for the individuals with EAS-qual-
ifying audiograms in the preoperative listening condition. 
Temporal resolution at low modulation rates was essen-
tially equivalent to that observed in young normal-hear-
ing listeners.

Exactly 14 of the original 17 individuals with hearing loss 
reported in Gifford et al. (2007) went on to receive a coch-
lear implant and 2 additional participants were recruited 

for pre- and post-implant testing. Thus these data offer a 
unique look at pre-implant estimates of psychoacoustic 
function as well as pre- and post-implant speech recog-
nition abilities for individuals with EAS-like audiograms.

Preoperative speech recognition performance was high-
ly variable across the listeners and in some conditions the 
range of performance covered nearly the entire possible 
range of scores. This range was observed in individuals who 
all had EAS-qualifying audiograms. Thus these data support 
the need to consider factors beyond the audiogram, as sig-
nal audibility is not a reliable predictor of performance on 
supra-threshold tasks such as speech recognition. Further, 
the range of preoperative scores were, in some cases, much 
higher than expected for a traditional implant candidate. 
Despite having relatively good sentence recognition abili-
ties, all individuals in the current study reported consider-
able difficulty with everyday communication (which pre-
cipitated an appointment for preoperative cochlear implant 
candidacy evaluation). Further, nearly all listeners exhibited 
significant improvement in speech recognition performance 
when considering individual subject performance using a 
binomial distribution statistic, and all listeners demonstrat-
ed an improvement in raw performance scores.

The current results suggest that individuals with EAS-like 
hearing loss have little to lose in terms of psychoacous-
tic low-frequency function and much to gain in terms of 
speech understanding – representing a highly favorable 
assessment of risk versus benefit. Further, there is a lack 
of correlation between preoperative measures of pre-im-
plant tonal detection (i.e. audiometric thresholds), fre-
quency resolution, and temporal resolution as related to 
post-implant speech recognition. Thus it is critical to con-
sider the whole patient when determining implant can-
didacy, as neither the audiogram nor pre-implant speech 
recognition will accurately predict the degree of postoper-
ative benefit with a cochlear implant. These data also pro-
vide further evidence for the expansion of adult cochlear 
implant criteria to include individuals with low-frequen-
cy thresholds in even the near-normal range, as significant 
postoperative benefit is noted for speech understanding.
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