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ABSTRACT
Compared with normal-hearing listeners, cochlear
implant (CI) users display a loss of intelligibility of
speech interrupted by silence or noise, possibly due to
reduced ability to integrate and restore speech
glimpses across silence or noise intervals. The present
study was conducted to establish the extent of the
deficit typical CI users have in understanding
interrupted high-context sentences as a function of a
range of interruption rates (1.5 to 24 Hz) and duty
cycles (50 and 75 %). Further, factors such as reduced
signal quality of CI signal transmission and advanced
age, as well as potentially lower speech intelligibility of
CI users even in the lack of interruption manipulation, were explored by presenting young, as well as
age-matched, normal-hearing (NH) listeners with fullspectrum and vocoded speech (eight-channel and
speech intelligibility baseline performance matched).
While the actual CI users had more difficulties in
understanding interrupted speech and taking advantage of faster interruption rates and increased duty
cycle than the eight-channel noise-band vocoded
listeners, their performance was similar to the
matched noise-band vocoded listeners. These results
suggest that while loss of spectro-temporal resolution
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indeed plays an important role in reduced intelligibility of interrupted speech, these factors alone
cannot entirely explain the deficit. Other factors
associated with real CIs, such as aging or failure in
transmission of essential speech cues, seem to additionally contribute to poor intelligibility of interrupted
speech.
Keywords: interrupted speech, cochlear implants,
speech perception, cochlear implant simulations,
aging, glimpsing

INTRODUCTION
In everyday listening scenarios, when the target
speech is masked by fluctuating background noise or
competing speech, normal-hearing (NH) listeners are
able to employ top-down mechanisms to perceptually
restore the masked speech information. This phenomenon, variously referred to as ‘glimpsing’, ‘diplistening’ or ‘listening-in-the-valleys’, implies that the
listeners are able to track and integrate the glimpses
of unmasked target speech portions into a speech
stream using the spectro-temporal cues and additional
linguistic and contextual information from the
unmasked segments (Miller and Licklider 1950; Buus
1985; Moore 2003; Srinivasan and Wang 2005; Wang
and Humes 2010; Başkent and Chatterjee 2010;
Başkent 2012). Thus, the intelligibility of speech in
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noisy listening scenarios depends on listeners’ ability
to integrate the speech samples from successive
glimpses.
Noisy scenarios pose challenging listening conditions to cochlear implant (CI) users in understanding
speech. CI users have limited spectro-temporal resolution, often accompanied by other distortions arising
due to electrode placement, degree of neural survival
and front-end signal processing features (Qin and
Oxenham 2003; Nelson and Jin 2004; Başkent and
Shannon 2005; Başkent and Shannon 2006). Due to
this, the spectro-temporal cues in the intact portions
of speech are degraded for CI users (Rosen 1989; Fu
and Shannon 2000; Friesen et al. 2001). In noisy
scenarios, reduced intelligibility of intact portions and
degraded bottom-up cues may inhibit the tracking
and integration of the glimpses of unmasked target
speech portions into a speech stream. This could
cause a difficulty in employing the top-down mechanisms in restoring and understanding degraded
speech.
A failure in integrating and restoring the speech
stream from glimpses may help explain, at least
partially, the difficulty CI users experience in understanding speech in a noisy scenario. Keeping this in
view, the current study was designed to test integration and restoration of glimpses from interrupted
speech in CI users in comparison with NH listeners.
In speech, glimpsing and restoration have been
studied using masking paradigms in which a speech
stream is periodically masked by temporally fluctuating noise or competing talker’s speech stream (see
Assmann and Summerfield, 2004, for a review) or,
alternatively, using phonemic restoration (Bhargava
et al. 2014). The fluctuating masker affects CI users
more than NH listeners (Nelson et al. 2003; Nelson
and Jin 2004; Fu and Nogaki 2005). This could be due
to the failure of CI users to deal with obliterated
speech itself, i.e. failure in tracking and integrating
the glimpses (Nelson and Jin 2004; Gnansia et al.
2010) and/or due to various additional deleterious
effects of the masker, e.g. the spectral smearing that
occurs in electrical stimulation, making the target
speech blend more in the masker (Fu et al. 1998;
Friesen et al. 2001; Fu and Nogaki 2005), and weaker
transmission of voice cues that can be otherwise
helpful in segregating target speech from the masker
(Stickney et al. 2007; Fuller et al. 2014).
One way to test glimpsing without additional
deleterious effects of a masker is using speech
periodically interrupted with silent intervals (Nelson
and Jin 2004). Even though no noise is involved in
interrupted-speech perception, the listener has to
employ top-down mechanisms to integrate and restore unavailable speech portions. These are likely the
same mechanisms involved in masking paradigm and
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real-world noisy scenario. Jin and Nelson (2010)
found a strong correlation between the scores of
sentence recognition in noise and interrupted sentence recognition for both NH listeners and hearingimpaired listeners. This similarity makes interruptedspeech perception paradigm a good technique to
learn more about common mechanisms listeners use
in understanding speech in a noisy scenario (Iyer
et al. 2007; Jin and Nelson 2010; Wang and Humes
2010), without the potentially harmful effects of
added noise on speech perception (Nelson and Jin
2004). Despite these advantages, interrupted-speech
perception is less frequently studied (Miller and
Licklider 1950; Shafiro et al. 2011) and even lesser
so with CI users in conjunction with sentences
(Nelson and Jin 2004; Wang and Humes 2010). For
these reasons, in the present study, we used
interrupted-speech perception paradigm to test integration and restoration of glimpses in CI users and do
a comparison with NH listeners.
In NH listeners, depending on the speech material,
speaker rate and on-cycle duration, speech intelligibility shows a U shape. In general, many words remain
intact at slow interruption rates (G2 Hz), while
multiple looks per words are available through
interruptions at fast rates (94 Hz). These two conditions thus result in good intelligibility. At intermediate
rates (2–4 Hz), almost every or every other word is
obliterated, causing a drop in intelligibility (Powers
and Speaks 1973; Huggins 1975; Nelson and Jin 2004;
Shafiro et al. 2011). Miller and Licklider (1950) and
Wang and Humes (2010) reported that the intelligibility of single words was lowest at the rate of around
4 Hz because entire phonemes were eliminated at this
rate. Faster interruption rate resulted in better
intelligibility. Similarly, Powers and Wilcox (1977)
found that the intelligibility of sentences was highest
when the interruption rate was such that the listener
received at least one partial look at every word.
In contrast to NH, for CI users, there have been
fewer studies on perception of interrupted speech.
Evidence from the limited literature indicates that
silent interruptions strongly disrupt the intelligibility
of speech for CI users. For instance, Chatterjee et al.
(2010) used 5-Hz interruption rate with sentences,
and Gnansia et al. (2010) used 4-Hz interruption rate
with nonsense bisyllables to find that CI listeners’
intelligibility of interrupted speech was drastically
lower than that of NH listeners. This indicates that,
compared with NH listeners, CI users experience
more difficulty in integrating spectro-temporal cues
across silent interruptions at word as well as segmental
level. A possible explanation for this was proposed by
Gilbert et al. (2007) who found that for speech with
envelope cues only, the lowest intelligibility is for the
slow and medium interruption rates of 2–4 Hz,
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suggesting the involvement of modulation masking
with envelope-only cues. Since CI users rely heavily on
envelope cues, slow and medium rates of interruption
are likely to produce modulation masking disrupting
intelligibility for CI users than NH listeners. Thus, a
wide range of rates of interruption has to be used to
also adequately explore the effect of silent interruptions in CI users while allowing for the possibility of observing the effects of modulation
masking.
Nelson and Jin (2004) used a range of slow and fast
interruption rates (between 1 and 32 Hz), with
sentences, to compare CI users’ intelligibility of
interrupted speech with NH listeners presented with
and without noise-band vocoded speech. At interruption rates faster than 4 Hz, the scores for NH listeners
listening to full-spectrum speech were significantly
high, while the scores for CI users and four-channel
noise-band vocoded speech listeners were close to the
floor level. At interruption rates slower than 4 Hz, the
intelligibility scores of NH listeners listening to fullspectrum speech dropped significantly, while the
scores of CI users and NH listeners listening to
vocoded speech remained close to the floor level.
Because noise-band vocoding may have overestimated
the detrimental effect of spectro-temporal degradation of speech stimulus (Shamma and Lorenzi 2013),
it is likely that NH listening to vocoded speech had
performed worse than CI users. Because of the floor
effect, it was not clear in their study if the silent
interruptions affected the noise-band vocoded speech
listeners and CI users similarly.
There were a couple of factors not analysed by
Nelson and Jin that could also have contributed to the
findings, namely, potential effects of aging and lower
baseline perception of (uninterrupted) speech in CI
users. Although recent work has failed to demonstrate
a detrimental effect of aging on speech intelligibility
in steady or fluctuating noise maskers for NH listeners
(Schoof and Rosen 2014), aging is shown to be
accompanied with decline in auditory temporal
processing (Fitzgibbons and Gordon-Salant 1996;
Saija et al. 2014). In light of the reliance on temporal
envelope cues by CI listeners and the competing
decline in temporal auditory perception in aging
adults, aging may be deemed as a highly relevant
factor for speech perception in CI users. Given that
the participants involved in the study by Nelson and
Jin had a considerable age difference between the NH
group (19–32 years) and the CI group (34-64 years,
mean age 49 years), differing performances may have
been partially due to aging. Secondly, in the study by
Nelson and Jin, no significant correlation was found
between the intelligibility of uninterrupted speech
and that of interrupted speech for the CI users.
However, since the performance of CI users with

interrupted speech was at floor level, this correlation
was also difficult to interpret. In addition to this, the
baseline intelligibility with uninterrupted speech for
CI users was lower than the baseline intelligibility for
NH listeners presented with four-channel noise-band
vocoded speech. As a result, based on the existing
literature, it is still unclear whether only the loss of
spectro-temporal resolution simulated with vocoding
(and not other factors such as aging, disparity in
speech intelligibility baseline, etc.) could account for
the performance of CI users.
One more factor that is known to affect
interrupted speech intelligibility in NH listeners is
the duty cycle of speech signal. Varying the duty cycle
manipulates the availability of additional speech cues,
and, this way, one can measure how well the listeners
can utilize this additional information. Longer duty
cycle provides longer intact speech portions containing more spectro-temporal cues as compared to
shorter duty cycle. In NH listeners, longer duty cycle
has been reported to lead to better integration of
glimpses and restoration of obliterated speech portions (Miller and Licklider 1950; Wang and Humes
2010; Shafiro et al. 2011). In CI users, longer duty
cycle (75 %) has been reported to provide not only
better intelligibility of interrupted speech as compared to shorter duty cycle (50 %) but also significant
restoration of speech with filler noise (Bhargava et al.
2014). Since these studies show that listeners can
make use of longer duration speech cues for intelligibility, especially for CI users, duty cycle should be
considered an important aspect of interrupted-speech
perception. No previous study involving CI users
explored duty cycle with a wide range of interruption
rates, and, as a result, it is not clear whether CI users
would be able to consistently take advantage of better
duty cycle for the perception of interrupted speech at
various interruption rates.
Thus, there is evidence that CI users have reduced
interrupted-speech perception as compared to NH
listeners, but the factors that may influence this
reduction are not yet fully understood. In this study,
we have systematically investigated perception of
interrupted speech by CI users for a range of
interruption rates and duty cycle, while also taking
into account the effects of other potential factors.
We divided the study into three parts, each dealing
with one research question. The first research question is BHow does the interrupted-speech perception
of CI users differ from the interrupted-speech perception of NH listeners?^ In this regard, in experiment 1, we aimed to systematically characterize the
extent of potential deficits in perception of periodically interrupted speech that the CI users have as
compared to the NH listeners presented with normal
speech (NHnorm). By using a range of interruption
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rates, and different duty cycles of the interruptions,
we obtained a comprehensive picture of how the CI
users deal with the temporal interruptions, given that
their access to speech is already degraded due to the
limitations of electrical stimulation. The second
research question is BCan the deficit in interruptedspeech perception be explained on the basis of low
spectro-temporal resolution availed through CI
devices?^ To answer this, in experiment 2, a control
group of young NH listeners was tested with eightchannel noise-band vocoded simulations of CI processing (NHVoc), and their performance was compared with that of CI users. Through this, we explored
whether the deficit in understanding interrupted
speech was merely a result of the reduced spectrotemporal resolution, which would be indicated by
similar performances between the two groups. In case
a difference in their performance was found, there
would be a possibility of a combined effect with other
factors related to the actual CIs, such as aging,
channel interaction, front-end processing, the quality
of signal transmission at the electrode-nerve interface
and residual hearing. Related to this, the third
research question was BCould the disparity in
interrupted-speech perception between CI users and
NH listeners be contingent on more factors than only
the loss of spectro-temporal details?^ To answer this,
in experiment 3, we aimed to test the factors of aging
and baseline intelligibility (as a combined effect of
other CI-related factors listed above). This time, a new
control group of NH listeners (NHVocM) was tested
with the noise-band vocoding; however, these were
matched in age to the experiment group and, further,
their baseline performance with uninterrupted
speech was also matched to individual CI users by
using noise-band vocoding with individualized spectral resolution and filter order. The data for CI users
was collected once and then used for comparisons
with NHnorm (experiment 1), NHVoc (experiment 2)
and NHVocM (experiment 3).

EXPERIMENT 1. PERCEPTION
OF INTERRUPTED SPEECH COMPARED
BETWEEN CIS AND NORMAL-HEARING
(NHNORM)
The first experiment was run in order to fully capture
potential deficits CI users may have in perceiving
interrupted speech, as characterized over a range of
combination of interruption rates and duty cycles.
These were compared to the control data from young
NH listeners presented with normal full-spectrum
speech (NHnorm), i.e. only interrupted, but with no
noise-band vocoding.
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Participants
Eight CI users (six males and two females; 28 to
75 years; average age 53.8) comprised the CI group.
They were recruited via the clinic of the
Otorhinolaryngology Department, University Medical
Center Groningen. The demographics of these participants are shown in Table 1. All CI participants
were monaurally implanted and had more than 1 year
of CI experience with their device prior to the
experiment. They were selected to represent typical
CI users. The only exception was the inclusion
criterion of relatively high speech perception performance so that the effects of interruption rate and duty
cycle could be fully observed with minimal floor
effect. For this purpose, CI users with phonemeidentification score above 65 % were recruited
(Table 2). Phoneme-identification scores were measured in the clinic using Nederlandse Vereniging voor
Audiologie (NVA) word corpus (Bosman 1989). The
word corpus consists of lists of words, each containing
12 monosyllabic Dutch words of the pattern
Consonant-Vowel-Consonant, spoken by a female
talker. Each speech sound correctly identified is
scored. The first word of each list serves as the
introductory word and is excluded from scoring.
Some of our participants had acoustic hearing at the
lowest audiometric frequencies of 250 and 500 Hz
(Table 2). Three CI users had hearing aids prescribed
for their nonimplanted ear, but these were not used
during data collection.
Eight young NH listeners (five males and three
females; 19 to 28 years; average age 22.4) comprised the control group. The NH participants had
an average pure-tone hearing threshold (across the
test frequencies of 0.5, 1, 2 and 4 kHz) at the
better ear lower than or equal to 20 dB HL. They
were recruited through a database of participants
who had participated in similar behavioural experiments at our lab but had never been exposed to
the specific test materials or procedures of the
present study.
All participants were native speakers of Dutch with
no language disorders.

Stimuli
The stimuli were grammatically well-formed, meaningful and highly contextual Dutch sentence recordings from the sentence corpus prepared by Versfeld et
al. (2000). The sentences were spoken by a male
talker and recorded digitally at 44.1 kHz. The speaker
rate was on average about three words per second.
Thirty-nine lists, each comprising 13 sentences, were
provided with the corpus. The first three lists of the
sentence corpus were always used for training the
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TABLE 1

Details of CI participants
Subject
ID

Gender Age during
experiment
(years)

Age at onset of hearing Whether prescribed hearing aid in
loss (years)
nonimplanted ear

Duration of CI
usage (years)

CI brand (and processor)
AB = advanced bionics

CI1

M

53

0

No

2

CI2

M

71

46

Yes

2

CI3

M

33

1

Yes

8

CI4

F

75

53

No

7

CI5

M

61

37

No

4

CI6

M

71

68

No

3

CI7

F

28

3

No

10

CI8

M

38

3

Yes

1.5

AB HiRes 90K Helix
(Harmony)
AB HiRes 90K Helix
(Harmony)
Cochlear CI24R CS
(Freedom)
Cochlear CI24R CA
(Freedom)
Cochlear CI24RE CA
(Freedom)
Cochlear CI24RE CA
(Freedom)
Cochlear CI24R CS
(Esprit3G)
Cochlear CI24RE CA

‘n.a.’ indicates that the item was not available in the CI user's clinical file or that the CI user could not provide the information

participants and for measuring the sentenceidentification baseline score with uninterrupted
sentences. For the main experiments, 12 lists per subject
were randomly chosen from the remaining 36 lists.

poor (slow rates) and good (fast rates) intelligibility
for the NH listeners, based on a pilot study and past
studies (Miller and Licklider 1950; Powers and Speaks
1973; Nelson and Jin 2004; Gilbert et al. 2007; Başkent
2010; Chatterjee et al. 2010; Başkent and Chatterjee
2010).

Signal Processing
The speech stimuli were periodically interrupted with
silent gaps in a manner similar to our previous studies
(Başkent and Chatterjee 2010; Bhargava and Başkent
2012). The interruptions were produced by modulating the sentence recordings with periodic square
waves (ramping time of 5 ms) that varied on two
parameters: rate of interruption (1.5, 3, 6, 10, 12 and
24 Hz) and duty cycle (50 and 75 %, representing the
Bon^ time relative to the period; see Fig 1). The range
of the interruption rates was chosen to produce both

Experimental Setup
The participants sat in an anechoic chamber, approximately 1 m away from the loudspeaker, facing a
computer monitor and the loudspeaker. The stimuli
were routed via the S/PDIF output of an external
soundcard, Echo AudioFire 4 (Echo Digital Audio
Corporation, California, USA), and presented
through a single active Tannoy Precision 6D (digital)
loudspeaker (Tannoy Ltd, UK) in free field, at 60 dB

TABLE 2

Pre-operative hearing thresholds of the nonimplanted ear for CI participants vis-à-vis their phoneme-identification scores and
sentence-identification baseline scores
Subject ID Pre-operative tone thresholds of nonimplanted ear (dB HL)

Clinical phoneme-identification Experimental sentence-identification
scores
baseline scores
250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz At 75 dB SPL (%)
At 60 dB(A) (%)

CI1
CI2
CI3
CI4
CI5
CI6
CI7
CI8

75
n.a.
80
30
*
60
95
70

85
85
100
50
115
60
105
85

85
85
110
90
95
50
110
110

115
75
115
90
90
100
120
115

120
70
115
95
90
*
*
130

*
95
*
*
105
*
*
110

67
80
95
91
85
n.a.
75
85

70
86
99
98
99
97
83
93.8

An asterisk (*) denotes where the threshold was not measurable because of very poor hearing, while ‘n.a.’ denotes that the readings were not available
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FIG. 1. A schematic diagram of gating function used in the study,
shown for 10 Hz interruption. The top panel shows the square-wave
gating function with the 50 % duty cycle, i.e. with 50 % on-duration
and 50 % off-duration. The lower panel shows the same with the 75
% duty cycle, i.e. with 75 % on-duration and 25 % off-duration.

(A) (measured with a KEMAR head and torso at the
position where the participant is seated).

Procedure
The general procedure of the experiment was similar
to Başkent and Chatterjee (2010). The sentences were
processed and presented using MATLAB. The participants listened to one stimulus sentence at a time and
verbally repeated what they heard. They were encouraged to guess in their responses when not certain.
The spoken responses were recorded digitally and
scored off-line. The percent correct scores were
calculated as the ratio of the number of correctly
identified words to the number of total words per list.
There was no penalty for no or incorrect identification of the words. The raw percent correct scores were
then converted into rationalized-arcsine units (RAU;
Studebaker (1985)). Given the average number of
words for the sentence lists, the maximum possible
RAU score was 118 and the minimum possible RAU
score was −18.
The experiment comprised 12 test conditions
(six interruption rates × two duty cycles). For each
condition, one list of 13 sentences was used,
resulting in 156 sentences for the 12 conditions.
A short alert tone preceded every stimulus. To
provide a preview of the test condition to the
listener, the same introductory sentence, processed
in the same way as that list, preceded every list of
sentences. This introductory sentence was not
included in the calculation of intelligibility scores.
The order of the conditions was randomized for
each participant. The sentence-identification baseline was measured with two lists of sentences,
without silent intervals. The entire session was
completed within 2 h by each participant. For
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familiarization with the procedure of the experiment, a short training with different signalprocessing parameters than the main experiment
(0.75-Hz interruption rate at 40 % duty cycle) was
provided. One list of sentences, which was the
same for all participants, was used for training.
Feedback was not provided during the training or
during data collection.
The CI users were tested with their regular clinical
device. During the training session, they adjusted
their device to the setting they found most comfortable. This setting was then not changed during the
main experiment.

Statistical Analyses
Statistical analyses were performed on the transformed RAU scores. For measuring the significance
of the main effects and the interactions, ANOVAs
were run on SPSS (IBM Corp., Release 18.0.0), as it
allowed for applying Greenhouse-Geisser correction.
Post hoc false-discovery-rate (FDR)-corrected twotailed t tests were run for multiple comparisons on R
software package (R Foundation for Statistical
Computing, Release 2.15.1). To compare the experimental interruption conditions with the baseline
condition with uninterrupted sentences, Dunnett’s
test was used, also run on R software.

Results and Discussion
Figure 2 shows the data for the CI and the NHnorm
groups as a function of interruption rates and
separately for the 50 and the 75 % duty cycles in the
left and right panels. The sentence-identification
baseline scores with no interruptions are shown in
the middle panel.
The data from NHnorm listeners shows that,
similar to previous studies (Miller and Licklider
1950; Nelson and Jin 2004; Bhargava and Başkent
2012), the intelligibility of interrupted speech
remained nearly as high as the uninterrupted
sentence-identification baseline score, except for a
small number of interruption conditions. Confirming
this, Dunnett’s test showed that for 50 % duty cycle,
except for slow interruption rates, the performance
was not significantly different from the baseline
condition [for all comparisons G10 Hz, p G 0.05;
10 Hz, td = 0.74, p = 0.94; 12 Hz, td = 0.44, p = 0.99;
24 Hz, td = 0.53, p = 0.98]. Similar results were found
for 75 % duty cycle as well [6 Hz, td = 0.61, p = 0.97;
10 Hz, td = 0.3, p = 0.99; 12 Hz, td = 0.14, p = 0.991;
24 Hz, t d = 1.49, p = 0.48; all other comparisons,
p G 0.05].
Overall, the performance of CI participants was
lower than that of NH participants. The average
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FIG. 2. The mean interrupted-sentence intelligibility scores in RAU plotted for NHnorm (black triangle) and CI (red circle) as a function of
interruption rates. The results for the two duty cycles are shown in the left (50 %) and right (75 %) panels. Sentence-identification baseline scores
for uninterrupted sentences are shown in the middle panel. The error bars denote one standard deviation.

sentence-identification baseline score for the CI
group was significantly lower than that for NH
listeners tested with full-spectrum speech [CI and
NHnorm; t7.17 = 3.51, padj = 0.025]. Interrupting the
speech with silent intervals further deteriorated the
intelligibility for the CI users for both the duty cycles.
Dunnett’s test showed that all interruption conditions
produced a significantly different performance than
the baseline condition with uninterrupted speech
[p G 0.0001], except for 75 % at 24 Hz [td = 1.62,
p = 0.39].
The intelligibility scores were the highest for the
faster rates of interruption (24 Hz) and lowest for
medium rates of interruption (3 and 6 Hz),
indicating that CI users were able to make use of
more glimpses per second. The intelligibility scores
were higher for slowest interruption rate of 1.5 Hz
as compared with the medium rates. This
nonmonotonicity was not observed with NH listeners with 75 % duty cycle, due to ceiling effect.
A paired sample t test [t5 = −10.52, p G 0.05] found
the intelligibility with 75 % duty cycle [mean =
59.92] to be significantly higher than the intelligibility with 50 % duty cycle [mean = 24.22].
Thus, for several conditions tested in this study, the
CI users were not only able to successfully integrate
and restore the speech segments interrupted by silent
intervals but were also able to achieve better intelligibility of interrupted speech by taking advantage of the
faster and longer sampling of speech signal. To
compare the adverse effect of silent interruptions
between the groups of CI users and NH listeners

tested with full-spectrum speech, a two-way mixed
model ANOVA was used to analyse the data for each
duty cycle, with interruption rate as within-subject
factor and mode of hearing (i.e. NHnorm vs. CI) as
between-subject factor (Table 3). For both the duty
cycles, a significant main effect of interruption and
mode of hearing, and a significant interaction were
found. Thus, the CI users’ intelligibility of interrupted
speech was significantly lower than that of the
NHnorm listeners, and the interruption rate affected
the intelligibility for CI listeners differently than
NHnorm listeners, for both of the duty cycles. To
make sure that these results were not caused only by
the ceiling effects, the three slowest interruption rates
at 50 % duty cycle—where there was no saturation for
either group—were re-examined. This analysis
showed that the interaction between interruption rate
and mode of hearing was still significant in the lack of
a ceiling effect [F2, 28 = 24.25; p G 0.0001]. The result
confirms that CI users are significantly more affected
by interruption with silent intervals than are the NH
listeners.

EXPERIMENT 2. PERCEPTION
OF INTERRUPTED SPEECH COMPARED
BETWEEN CIS AND NOISE-BAND
VOCODING (NHVOC)
Speech transmitted via a CI is poor in spectrotemporal details. This poor spectro-temporal resolu-
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TABLE 3

Repeated measures two-way ANOVA on intelligibility scores of NHnorm and CI users with rate of interruption as within-subject
and mode of hearing as between-subject factor
Source

(i) 50 % duty cycle
Interruption
Mode
Interruption × mode
(ii) 75 % duty cycle
Interruption
Mode
Interruption × mode

F value

Significance (p value)

F(3.01, 42.07) = 38.15
F(1, 14) = 231.7
F(3.01, 42.07) = 15.41

p G 0.0001
p G 0.0001
p G 0.0001

F(5, 70) = 30.11
F(1, 14) = 97.23
F(5, 70) = 25.79

p G 0.0001
p G 0.0001
p G 0.0001

tion may reduce bottom-up cues in effect affecting
interrupted-speech perception. One way to systematically explore the effect of reduced spectro-temporal
resolution on interrupted-speech perception is using
a noise-band vocoder. Noise-band vocoders (Shannon
et al. 1995), though not detailed emulations of the
actual CI device, follow the basic principles of CI
signal processing and degrade spectro-temporal information in a comparable way. Experiment 2 was run
with NH listeners presented with noise-band vocoded
speech to explore the effect of spectro-temporal
degradation on interrupted-speech perception in CI
users.

Participants and Procedure
The NH participants from experiment 1 also
participated in experiment 2. The stimuli, introduction of interruptions and procedures were the
same as mentioned in experiment 1. The main
difference in procedures was that the sentences
were first interrupted and then noise-band vocoded
with eight channels, which has been observed to
produce levels of speech performance functionally
similar to high performing CI users (Shannon
et al. 1995; Friesen et al. 2001; Chatterjee et al.
2010; Başkent and Chatterjee 2010; Başkent 2012).
Further, the training and baseline measurement
were done with vocoded sentences. The NHVoc
session always followed the NHnorm session on the
same day.
For vocoding, the speech signal, ranging from
150 to 7 kHz in bandwidth, was filtered into eight
analysis bands using a set of Butterworth bandpass
filters (order 6, roll-off 36 dB/octave). The cutoff
frequencies of the analysis bands were determined
on the basis of Greenwood’s mapping function
(Greenwood 1990) and using equal cochlear distance. The envelope was extracted for each band
using full-wave rectification and a low-pass
Butterworth filter (order 3, roll-off 18 dB/octave,

cutoff frequency 160 Hz). If the envelope cutoff
frequency is higher than F0, then the amplitude
modulation of the envelope can encode periodicity
and intonation information. But temporal cues to
pitch are less effective as sensitivity to modulation
decreases with modulation frequency above 200 Hz
(Souza and Rosen 2009). Keeping this and the F0
of the speaker of the speech material (120 Hz) in
view, the envelope cutoff frequency of 160 Hz was
chosen. The carrier noise bands were produced by
filtering white noise with the same set of bandpass
filters. The extracted envelope for each channel
was then used to modulate the noise carrier of that
channel. The amplitude-modulated noise bands
from all the channels were then combined to
produce the noise-band vocoded speech. The root
mean square of the resulting signal was adjusted to
that of the original signal.

Results
Figure 3 shows the data from NH listeners tested
with noise-band vocoding (NHVoc). The sentenceidentification baseline for NHVoc was significantly
better than the baseline for the CI users [CI and
NHVoc; t7.99 = 3.02, padj = 0.025], but very similar to
the baseline of NHnorm [NHVoc and NHnorm;
t7 = 1.29, padj = 0.23]. The baseline data showed that
8-channel vocoder processing alone may underestimate the intelligibility deficits of uninterrupted
sentences in CI users.
Although the vocoding alone did not have a
significant effect on the intelligibility, the addition
of interruption to the vocoded speech resulted in a
significant drop in intelligibility for NHVoc for all
interruption conditions [Dunnett’s, p G 0.0001].
Nonmonotonicity in intelligibility scores with respect to the rates of interruption was observed with
NHVoc listeners as well, with the slowest 1.5-Hz
rate of interruption scoring better than 3 and 6 Hz
but lower than other faster rates of interruption.
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FIG. 3. Similar to Fig. 2, except that the data for NH control group is shown for eight-channel noise-band vocoding (NHVoc; blue square).

To test if the signal degradation simulated with
standard noise-band vocoding alone could explain
CI users’ deficit in interrupted speech intelligibility,
a two-way mixed model ANOVA, with interruption
rate as within-subject factor and mode of hearing
(NHVoc vs. CI) as between-subject factor, was
performed for each duty cycle (Table 4). For both
the duty cycles, the main effect of interruption rate
was found to be significant, with significant difference occurring only at 6-Hz interruption rate for
the 50 % duty cycle [6 Hz padj G 0.01; all others
padj ≥ 0.05], but at all the interruption rates for the
75 % duty cycle [for all interruption rates,
padj G 0.05].
The main effect of mode of hearing (CI vs.
NHVoc) was also found to be significant for both the
duty cycles, though the p values differed. The
interaction of the mode and the rate of interruption
was not significant for the 50 % duty cycle, but
significant for the 75 % duty cycle. Figure 3 also

reveals that, as the duty cycle increased, the intelligibility scores of both the groups increased, but the
difference between the scores for the two modes of
hearing also increased. This means that compared to
the CI group, the NHVoc group was better able to
utilize the extra spectro-temporal cues with longer
duty cycle to improve the intelligibility of interrupted
speech.
These results indicate that not only is the
intelligibility of interrupted speech in CI users
lower than that of NH listening to a standard
eight-channel noise-band vocoded speech for both
the duty cycles but also the CI users could not
match the NHVoc in terms of taking advantage of
longer looks with longer duty cycle and faster looks
with faster interruption rates. This helps us speculate that the difference between NHnorm and CI
groups in this study would be due to more factors
than only the signal degradation. Two of these
factors were investigated in the next experiment.

TABLE 4

Repeated measures two-way ANOVA on intelligibility scores of NHVoc and CI users with rate of interruption as within-subject
and mode of hearing as between-subject factor
Source

(i) 50 % duty cycle
Interruption
Mode
Interruption × mode
(ii) 75 % duty cycle
Interruption
Mode
Interruption × mode

F value

Significance (p value)

F(5, 70) = 38.04
F(1, 14) = 5.604
F(5, 70) = 1.691

p G 0.0001
p G 0.05
p = 0.15

F(5, 70) = 35.66
F(1, 14) = 17.79
F(5, 70) = 3.594

p G 0.0001
p G 0.0001
p G 0.001
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EXPERIMENT 3. PERCEPTION
OF INTERRUPTED SPEECH COMPARED
BETWEEN CIS AND NOISE-BAND
VOCODING: AGE AND SENTENCEIDENTIFICATION BASELINE MATCHED
(NHVOCM)
The intelligibility of interrupted speech for CI
users was found to be worse than that of the
NHVoc group. Whereas there was a large variation
in the age range of the CI users, many of whom
were elderly, the NH listeners were comparatively
younger. Also, although CI users with relatively
high clinical scores were selected for this study,
their average sentence-identification baseline score
for the material used in this study had a large
variation and was significantly lower than that of
the NHnorm and NHVoc groups. The difference
between the interrupted-speech perception of CI
and NH groups observed in experiments 1 and 2
could be due to these reasons.
To minimize the potential confounds from older
age and lower baseline speech intelligibility scores
of CI users, an age-matched NH listener
(NHVocM) was used for each individual CI participant and was presented with the noise-band
vocoded speech in a configuration which resulted
in matching his/her sentence-identification baseline score to that of the corresponding CI user.

Participants and Procedure
Eight NH listeners (three males and five females;
28 to 75 years; average age 53.8) who were age
matched (±2 years) with individual CI users participated in this experiment. These participants were
different from the NH participants of experiments
1 and 2.
A pilot study was run before the main experiment
for each NHVocM participant to determine the
suitable combination of number of channels (six or
eight channels) and filter order (1, 2, 3) for the main
experiment. For the pilot, along with the sentences,
phoneme-identification scores using NVA corpus was
also used. Processed with a combination of six or eight
channels and 1st, 2nd or 3rd filter order, six lists of
the sentence corpus and six lists from the word corpus
were presented in the pilot session.
That channel and filter order combination was
chosen for the main experiment which provided the
scores matching suitably with the sentenceidentification baseline of the CI users. The data from
baseline-matching pilot is shown in Figure 4.
The main experiment was conducted the same way
as experiment 1, but with noise-band vocoding with
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the combination of channel and filter order as
obtained from the pilot.

Results
Figure 5 shows the data from NHVocM and CI
groups. The data showed that the sentenceidentification baseline of NHVocM matched well with
the CI users’ baseline [t13.65 = −0.74, padj = 0.47]. The
performance with all of the interruption conditions
was significantly different than the sentenceidentification baseline intelligibility [Dunnett’s,
p G 0.0001], indicating that just like the CI users, the
NHVocM group suffered a loss of intelligibility due to
interruption with silent intervals. This loss was mitigated only incompletely with longer duty cycle or
faster interruption rates. Similar nonmonotonicity of
intelligibility scores with respect to the rates of
interruption was observed with NHVocM listeners as
with other groups of listeners. The intelligibility scores
with the slowest rate of interruption were higher than
medium rates of interruption, but lower than the
fastest rate of interruption.
Two-way ANOVAs with the rate of interruption as
the within-subject factor and the mode of hearing as
the between-subject factor between NHVocM and CI
scores indicated a significant effect of interruption for
both the duty cycles (Table 5). A post hoc test on each
duty cycle showed that the CI and the NHVocM scores
significantly differed only for the 50 % duty cycle at
24-Hz interruption rate [50 % duty cycle, 24 Hz,
padj = 0.023, all others padj 9 0.05; 75 % duty cycle, for
all padj 9 0.05]. Thus, the difference between these two
groups was driven by only the fastest rate of interruption at the 50 % duty cycle.
The mode of hearing was significant for the 50 %
duty cycle but not for the 75 % duty cycle. The rate of
interruption and the mode of hearing interacted
significantly for the 50 % duty cycle but not for the
75 % duty cycle.
Thus, the results show that when the NH listeners,
who are age matched to the CI users, are presented
with baseline-matching noise-band vocoding, their
intelligibility of the interrupted speech and the
benefit of increased duty cycle is found to be similar
to that of the actual CI users. This underscores the
importance of the factors of aging and lower intelligibility of uninterrupted speech in governing the
performance of CI users with speech interrupted with
silent intervals. This indicates that top-down cognitive
factors associated with aging can have an effect on
integration of speech glimpses. It also indicates that
not matching the age and baseline performance in
studies with CI users and NH listeners may lead to
underestimating the performance of CI users.
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FIG. 4. Scores used for baseline matching for experiment 3.
Individual panels show the identification scores for sentences
(RAU; red open circle) and phonemes (percent correct; blue open
square) of the target CI user to be matched to an individual agematched NH participant. The corresponding sentence (colour red)

and phoneme (colour blue) scores for the NHVocM participant
plotted for eight-channel (solid line with square) and six-channel
(dotted line with circle) noise-band vocoding, shown as a function of
the three filter orders. The channel-filter order combination selected
for main experiment is marked with a black square.

DISCUSSION

effect of the spectro-temporal quality of glimpses, the
performance of CI users was compared with the
performance of NH listeners, tested with and without
degradations of noise-band vocoding. The number of
glimpses per second was manipulated systematically
with interruption rate, and the duration of the
glimpses was manipulated with duty cycle. The

This study was conducted to systematically test the
effect of silent intervals on speech intelligibility in CI
users. The quality, frequency and duration of the
glimpses were expected to affect the integration and
restoration of the interrupted speech. To test the

FIG. 5. Similar to Fig. 2, except that the data for the NH control group is shown for matched noise-band vocoding (NHVocM; purple diamond).
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TABLE 5

Repeated measures two-way ANOVA on intelligibility scores of age and sentence-identification baseline matched NH listeners
(NHVocM) and CI users with rate of interruption as within-subject and mode of hearing as between-subject factor
Source

(i) 50 % duty cycle
Interruption
Mode
Interruption × mode
(ii) 75 % duty cycle
Interruption
Mode
Interruption × mode

F value

Significance (p value)

F(5, 70) = 28.26
F(1, 14) = 5.726
F(5, 70) = 6.264

p G 0.0001
p G 0.05
p G 0.0001

F(5, 70) = 35.63
F(1, 14) = 4.369
F(5, 70) = 2.315

p G 0.0001
p = 0.055
p = 0.053

perception of speech interrupted with silent intervals
was expected to be poor for the CI users, which may
be related to the difficulty experienced by CI users in
understanding speech in noise.
The collective effect of the loss of fine spectrotemporal cues as represented by the standard eightchannel noise-band vocoder and wider range of age
was explored by comparing the results of the NH
listeners tested with noise-band vocoding with those of
the actual CI users. Finally, out of these additional
factors, the combined effect of age and intelligibility
of uninterrupted speech was explored by comparing
the results of age-matched NH listeners tested with
specific noise-band vocoding parameters that provided matching baseline performance.

Interrupted-Speech Perception in CI Users
The experiment found that the introduction of silent
intervals to speech leads to a significant loss of
intelligibility for the CI users (Nelson and Jin 2004;
Chatterjee et al. 2010; Başkent and Chatterjee 2010).
But unlike the findings reported by Nelson and Jin
(2004), the speech perception did not stay at floor
level for all interruption rates at the 50 % duty cycle
which was a common parameter for both studies.
Furthermore, significant intelligibility was found for
all interruption rates for the 75 % duty cycle for CI
users, indicating not only the ability of CI users to
perceive interrupted speech but also the importance
of using large number of conditions for studies with
CI users.
Although the details of the CI participants of
Nelson and Jin (2004) are not available, the disparity
between the performance of CI users in the present
study and the Nelson and Jin study could be because
all of the CI participants in the present study were
‘star-subjects’ with very high open-set monosyllabic
word recognition scores. Apart from this, several of
the CI participants in the present study also had
residual hearing which could have resulted in high
intelligibility scores for them. Residual hearing may

help in better speech intelligibility in CI users due to
better transmission of voice pitch cues and other
information from better resolved low frequencies.
The difference in speech material used in the two
studies may have also contributed to the observed
differences in the two studies.
The degree and the nature of the loss of intelligibility due to silent intervals in the CI users were found
to be different from those in the NH listeners. In
agreement with the previous studies (Miller and
Licklider 1950; Powers and Speaks 1973; Nelson and
Jin 2004; Shafiro et al. 2011; Bhargava and Başkent
2012), the NH listeners suffered substantial loss of
intelligibility at few interruption and duty cycle
conditions. In comparison, the CI users suffered the
loss in almost all interruption and duty cycle conditions.
The reason for the difference in interruptedspeech perception among CI users and NH listeners
could be that full-spectrum speech is rich with
acoustic cues, e.g. periodicity cues for voice pitch,
temporal fine structure cues for formant patterns and
place of articulation, and envelope cues for manner of
articulation (Rosen 1992; Assmann and Summerfield
2004). Despite the addition of silent intervals, many of
these acoustic cues remain available in the intact
portions of the normal speech helping the NH
listeners to predict and restore the interrupted
speech. As compared with the full-spectrum speech,
CI-processed speech contains less information as it is
devoid of fine spectro-temporal details and contains
only temporal envelopes from few spectral bands
(Loizou 1998). These envelope cues provide important information about the changes in syllabic (e.g.
word onset and offset, speaking rate, prosody, etc.)
and phonetic (voicing, manner, etc.) segment constituents (Shannon et al. 1995; Assmann and
Summerfield 2004; Fogerty and Humes 2012) which
is crucial for understanding speech for CI users
(Rosen 1992; Tasell et al. 1992; Fu et al. 2004; Nie
et al. 2006). Addition of silent intervals disrupts these
crucial envelope cues, and in the absence of spectral
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details and fast fluctuating temporal information, CI
users are not able to predict and restore the missing
speech portions. This leads to a loss of intelligibility of
interrupted speech in CI users. Thus, the primary
finding of this study is that though CI users are able to
integrate the glimpses of speech interrupted with
silence and are capable of taking advantage of extra
auditory cues availed by longer intact samples, the
extent of this is significantly lesser than in NH
listeners. This means that the interrupted-speech
perception in CI users in this study is deficient as
compared to the NH listeners. The general trend of
the results is similar to other studies who reported
that CI users could integrate the interrupted speech
information, though not as well as the NH listeners
(Gnansia et al. 2010). They also speculate that the
deficit stems at least partly from poor representation
of temporal fine structure and fine spectral details.
In the first experiment comparing the performance of NH listeners and CI users, the intelligibility
of interrupted speech decreased for the medium rates
(3–6 Hz) as compared with the slowest rate of
interruption. Then, the intelligibility increased for
both NH listeners and CI users as the rate of
interruption increased to 10 Hz and above. We tested
modulation masking as an explanation for this
nonmonotonicity. The envelope modulations of the
range 2–16 Hz are most important for speech
intelligibility (Houtgast and Steeneken 1985;
Drullman et al. 1994; Füllgrabe et al. 2009) as these
are also the rates of modulation for word, syllabic and
phonemic segments (Plomp 1984; Assmann and
Summerfield 2004). Modulation of envelope with
silent intervals at rates in this range is likely to
interfere with the perception of speech sounds at
the word, syllabic and phonemic levels, leading to a
loss of intelligibility. Since NH listeners do not rely on
envelope cues as strongly as CI users, they are less
likely to be affected. But an inspection of modulation
spectra from uninterrupted and interrupted vocoded
sentences showed that modulation masking (at least
as depicted in modulation magnitude spectra) does
not independently predict the results of our study.
This may be because speech intelligibility does not
rely on modulation magnitude alone. It is a complex
phenomenon that involves several other factors like
coarticulation, stress, timing and contextual cues
whose role cannot be accounted for by only modulation magnitude.
A plausible reason for the nonmonotonicity is the
amount of useful context of speech stimulus at various
rates of interruption. At the slowest rate of interruption, there are longer portions of intact speech, with
the possibility of entire words escaping obliteration,
providing enough linguistic and auditory cues to
make speech intelligible. The medium rates of

interruption in the present study match the syllabic
rates of speech (Verhoeven et al. 2004; Edwards and
Chang 2013), which leads to the possibility that the
silent intervals obliterated syllables, causing intelligibility to be lower than the slowest rate of interruption.
At fast rates of interruption, the listeners can access
multiple ‘looks per word’ or even per syllable (Miller
and Licklider 1950), which presumably helps filling in
for the missing parts (Wang and Humes 2010). But
there was a significant difference among the two
groups, as the advantage of the faster rates of
interruption was not as large for CI users as it was
for NH listeners.
The longer duty cycle was expected to produce
higher intelligibility. A reason for this is that, with
longer duty cycle, longer intact samples are available
which are likely to contain more intact acoustic cues
leading to better intelligibility (Bhargava et al. 2014).
For example, longer samples have a better chance of
conveying the time-varying F0 cues of the sentence
which facilitate the integration of speech glimpses
during interrupted contexts (Darwin et al. 2003).
Another reason could be that with shorter duty cycle,
the speech segments separated by long duration of
silent intervals were likely to be processed as isolated
fragments, disrupting the integration of speech segments and causing a loss of speech intelligibility
(Huggins 1975). With longer duty cycle, the gaps
could be easily bridged and the speech segments
could be combined more readily, improving intelligibility. In case of NH listeners, longer duty cycle
contained more envelope cues, as well as temporal
and spectral fine structure cues. For the CI users, on
the other hand, longer duty cycle mostly provided
more intact envelope cues. Thus, though both NH
listeners and CI users could obtain advantage from
longer duty cycle as compared with shorter duty cycle,
NH listeners could obtain greater advantage than CI
users.

Role of Limited Spectral and Temporal Envelope
Cues
To test if the disruption in envelope cues combined
with limited spectro-temporal resolution was indeed
the reason behind CI users’ low interrupted speech
intelligibility, young NH listeners were tested for
interrupted-speech perception with 8-channel noiseband vocoding (NHVoc). By itself, the 8-channel
noise-band vocoding did not lead to a significant loss
of intelligibility, as the sentence-identification baseline
for NHVoc was significantly higher than the sentenceidentification baseline for CI and in fact as good as
the sentence-identification baseline for NHnorm
(Figs 2 and 3). The interrupted-speech perception as
well as the advantage of longer duty cycle also stayed
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better for NHVoc group than for CI users. This leads
to the conclusion that the loss of spectro-temporal
resolution as simulated by 8-channel noise-band
vocoding alone seems to have an effect on
interrupted-speech perception, but it does not capture the loss of interrupted-speech intelligibility
experienced by the CI users. Additional factors need
to be examined in order to account for the difference
between the performances of the two groups.

Role of Additional Factors
There are several factors affecting intelligibility of
speech for a CI user that the typical noise-band
vocoding does not account for, e.g. attack and release
times of automatic gain control (Khing et al. 2013),
channel interactions (Laneau et al. 2006), the amount
and location of healthy neurons in the cochlea
(Bierer 2010), insertion depth of the electrode array
(Başkent and Shannon 2005), residual hearing
(Turner et al. 2004; Başkent and Chatterjee 2010),
etc. Limitations induced by such factors could have
contributed to the lower baseline intelligibility for the
CI users as compared to the NHVoc listeners. Baseline
intelligibility is a measurement of a listener’s use of
bottom-up cues when no other external degradations
are present. Since interrupted-speech perception
involves employing bottom-up cues from the intact
glimpses to restore the missing information, factors
leading to low baseline intelligibility may also lead to
low interrupted-speech perception. Thus, low
interrupted-speech perception of CI users as compared to NHVoc listeners may be a projection of
factors specific to the CI group, also causing low
baseline scores.
Apart from the baseline intelligibility, the average
ages of the participants in the two groups were also
different, with CI listeners having a wider range of
ages than the NH participants. Some of the CI users
of the present study were considerably older than the
remaining CI and NH participants. Although aging is
known to affect both peripheral and cognitive mechanisms, because the NHVoc listeners were presented
with vocoded speech, age differences are expected to
be reflected mostly at the level of cognitive mechanisms. For example, aging is accompanied by a
general slowing down in cognitive processes (Birren
et al. 1980; Salthouse 1996; Wingfield 1996; Gazzaley
et al. 2005). This may have influenced the effective
use of top-down mechanisms in the elderly CI users.
In a similar study, for example, Saija et al. (2014) have
shown that the intelligibility of interrupted sentences
is significantly worse in elderly NH listeners than in
younger NH listeners. In fact, aging effects have been
found to be evident even in middle-aged NH listeners
in conditions involving masking by music, competing
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talker and noise (Başkent et al. 2014). Thus, the
difference in interrupted-speech perception between
CI and the NHVoc group could have been due to
other factors related to actual CI users apart from loss
of spectro-temporal resolution.
To see the combined effect of other factors
associated with the actual CI users, the age difference
between the NH and the CI group was mitigated by
recruiting NH listeners (NHVocM) with the same age
as CI users. Difference in sentence-identification
baseline between the two groups was mitigated by
modifying the spectral resolution of the bottom-up
cues. This was achieved by noise-band vocoding the
speech with vocoder configuration that resulted in
similar baseline scores as those of CI users. On
matching the age and baseline, it was found that the
intelligibility of interrupted speech fell considerably
for the vocoded speech listeners. Although the CI
users scored marginally better than the vocoded
speech listeners, silent interruptions affected the two
groups similarly. These groups also took similar
advantage of increase in duty cycle. This confirms
that factors, in addition to spectro-temporal resolution, e.g. the effects of aging and the various factors
governing the use of bottom-up auditory cues, may
have significant influence on the interrupted-speech
perception.
Our results are in agreement with predictions
derived from the studies modelling the relationship
between recognition scores of elements and wholes
(Boothroyd and Nittrouer 1988; Boothroyd et al.
1996). The models state that the probability of
recognizing the whole has a power relationship with
the probability of recognizing the constituents, such
that a decrease in probability of recognizing the whole
would result in a larger decrease in recognizing
probability of the constituents. This model predicts
that a decrease in baseline would result in a larger
decrease in interrupted-speech perception, which is
what we observed too.

CONCLUSION
To summarize, it was found that though CI users
could understand interrupted speech, their
interrupted-speech intelligibility was significantly
worse than that of NH listeners. Aging effects, and
the quality of bottom-up auditory cues, as reflected by
the sentence-identification baseline intelligibility,
were found to affect interrupted-speech perception
performance. In CI users, reduced bottom-up auditory cues like weaker temporal pitch cues and reduced
spectral cues affect the redundancy in speech signal
(McKay and Carlyon 1999; Green et al. 2002), which,
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when combined with disruption in envelope cues due
to interruptions, would impede integration and restoration. In case of older CI listeners, the age-related
deficits could additionally affect the integration and
restoration. This would consequently result in poorer
interrupted-speech perception in CI users.

Implications and Limitations of the Study
In noisy scenarios, as the noise masks the portions of
speech, the listener has to rely on unmasked glimpses
of speech to integrate and restore the masked
portions of speech. The r esults from our
interrupted-speech study indicate that age-related
factors coupled with poor transmission of auditory
cues from the intact speech portions may affect the
restoration and integration of glimpses. Thus, the
factors affecting interrupted-speech perception help
to also at least partially explain the problem experienced by CI users in understanding speech in noisy
environments, especially when fluctuating maskers
interrupt the target speech signal (Nelson et al.
2003; Qin and Oxenham 2003; Stickney et al. 2004).
An important implication of the study is that the
age and baseline intelligibility scores of CI users may
have significant effect on their performance with
further degradation. In studies involving both CI
users and noise-band vocoded speech listeners, a
mismatch in their age and baseline intelligibility
scores can have significant effect on the results.
Similarly, in studies simulating the performance of
CI users using young NH listeners with noise-band
vocoding, rendering baseline intelligibility scores at
ceiling may underestimate the breakdown of speech
intelligibility experienced by actual CI users.
Although important, the findings of this study must
be interpreted in the light of some observations.
Firstly, it should be noted that interrupted-speech
perception is a simplified model of speech perception
in a difficult listening scenario. Our results are based
on only one type of temporal degradation, and a
different type of listening scenario (e.g. with competing talkers, jittering, reverberation, etc.) may produce
different results.
Secondly, although age and baseline matching
seem to predict almost all the deficit in the
interrupted-speech perception of CI users as compared with the noise-band vocoded speech listeners,
the matching itself may not have captured all the
factors responsible for the deficit. For example,
despite matching the age, the differences in cognitive
mechanisms associated with aging were not explicitly
measured and matched. Similarly, matching of the
baseline through noise-band vocoding only provided a
functional match of performance between CI users
and vocoded speech listeners. There are various

aspects of actual implant processing that our noiseband vocoding has not taken into account, e.g. the
degree of spectral spread, the effect of various aspects
of transmission of modulations through electrical
stimulation, effect of place-frequency mismatch, etc.
See Shamma and Lorenzi (2013) for further discussion on limitation of vocoders.
Further, the speech stimuli used in the present
study was spoken by only one male speaker.
Comparison across studies must be done remembering that the gender of the talker may influence speech
perception; e.g. Loizou et al. (1998) reported that
vowels produced by male talkers were easier to
identify than female talkers. Lastly, the interpretations
in this study are based on performance of eight CI
users who were mostly ‘star’ subjects. The low number
of participants and their better performance on
average warrant due caution in generalizing the
results from this study on the general CI population.

ACKNOWLEDGMENTS
The study was supported by a VIDI grant from the Netherlands
Organization for Scientific Research, NWO, and Netherlands
Organization for Health Research and Development, ZonMw
(grant no. 016.096.397). Further support came from a
Rosalind Franklin Fellowship from University of Groningen,
University Medical Center Groningen, and funds from
Heinsius Houbolt Foundation. We thank our participants for
their efforts and Ir. Bert Maat and Marije Sleurink for their
valuable assistance in the experiment. We also thank Dr. Ruth
Litovsky and Dr. Matthew Goupell for their comments on
noise-band vocoding. The study is part of the research
program of the University Medical Center Groningen: Healthy
Aging and Communication.

COMPLIANCE WITH ETHICAL STANDARDS
All participants provided written informed consent before
taking part in the experiment. A financial compensation was
provided for participation time and travel costs. The study
was approved by the Medical Ethical Review Committee of
the University Medical Center Groningen.

Conflict of Interest Disclosure The authors certify that
there is no actual or potential conflict of interest in
relation to this article.
Open Access This article is distributed under the terms of
the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted use, distribution, and reproduction in
any medium, provided you give appropriate credit to the
original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were
made.

BHARGAVA

REFERENCES
ASSMANN P, SUMMERFIELD Q (2004) The Perception of Speech Under
Adverse Conditions. In: Speech Processing in the Auditory
System. Springer New York, pp 231–308
BAŞKENT D (2012) Effect of speech degradation on top-down repair:
phonemic restoration with simulations of cochlear implants and
combined electric-acoustic stimulation. J Assoc Res Otolaryngol
JARO 13:683–692. doi:10.1007/s10162-012-0334-3
BAŞKENT D (2010) Phonemic restoration in sensorineural hearing
loss does not depend on baseline speech perception scores. J
Acoust Soc Am 128:EL169–EL174. doi:10.1121/1.3475794
BAŞKENT D, CHATTERJEE M (2010) Recognition of temporally
interrupted and spectrally degraded sentences with additional
unprocessed low-frequency speech. Hear Res 270:127–133.
doi:10.1016/j.heares.2010.08.011
BAŞKENT D, VAN ENGELSHOVEN S, GALVIN JJ 3RD (2014) Susceptibility to
interference by music and speech maskers in middle-aged
adults. J Acoust Soc Am 135:EL147–EL153. doi:10.1121/
1.4865261
BAŞKENT D, SHANNON RV (2005) Interactions between cochlear
implant electrode insertion depth and frequency-place mapping. J Acoust Soc Am 117:1405–1416. doi:10.1121/1.1856273
BAŞKENT D, SHANNON RV (2006) Frequency transposition around
dead regions simulated with a noiseband vocoder. J Acoust Soc
Am 119:1156–1163
BHARGAVA P, BAŞKENT D (2012) Effects of low-pass filtering on
intelligibility of periodically interrupted speech. J Acoust Soc
Am 131:EL87–EL92
BHARGAVA P, GAUDRAIN E, BAŞKENT D (2014) Top–down restoration of
speech in cochlear-implant users. Hear Res 309:113–123.
doi:10.1016/j.heares.2013.12.003
BIERER JA (2010) Probing the electrode-neuron interface with
focused cochlear implant stimulation. Trends Amplif 14:84–95.
doi:10.1177/1084713810375249
BIRREN JE, WOODS AM, WILLIAMS MV (1980) Behavioral slowing with
age: causes, organization, and consequences. In: Poon LW (ed)
Aging in the 1980s: psychological issues. American Psychological
Association, Washington, pp 302–308
BOOTHROYD A, MULHEARN B, GONG J, OSTROFF J (1996) Effects of
spectral smearing on phoneme and word recognition. J Acoust
Soc Am 100:1807–1818. doi:10.1121/1.416000
BOOTHROYD A, NITTROUER S (1988) Mathematical treatment of
context effects in phoneme and word recognition. J Acoust Soc
Am 84:101–114. doi:10.1121/1.396976
BOSMAN AJ (1989) Speech perception by the hearing impaired.
Doctoral thesis, Rijksuniversiteit Utrecht
BUUS S (1985) Release from masking caused by envelope
fluctuations. J Acoust Soc Am 78:1958–1965. doi:10.1121/
1.392652
CHATTERJEE M, PEREDO F, NELSON D, BAŞKENT D (2010) Recognition of interrupted sentences under conditions of spectral
degradation. J Acoust Soc Am 127:EL37–41. doi:10.1121/
1.3284544
DARWIN CJ, BRUNGART DS, SIMPSON BD (2003) Effects of fundamental
frequency and vocal-tract length changes on attention to one of
two simultaneous talkers. J Acoust Soc Am 114:2913–2922
DRULLMAN R, FESTEN JM, PLOMP R (1994) Effect of temporal
envelope smearing on speech reception. J Acoust Soc Am
95:1053–1064
EDWARDS E, CHANG EF (2013) Syllabic (∼2–5 Hz) and fluctuation
(∼1–10 Hz) ranges in speech and auditory processing. Hear Res
305:113–134. doi:10.1016/j.heares.2013.08.017
FITZGIBBONS PJ, GORDON-SALANT S (1996) Auditory temporal processing in elderly listeners. J Am Acad Audiol 7:183–189

ET AL.:

The Intelligibility of Interrupted Speech

FOGERTY D, HUMES LE (2012) The role of vowel and consonant
fundamental frequency, envelope, and temporal fine structure
cues to the intelligibility of words and sentences. J Acoust Soc
Am 131:1490–1501
FRIESEN LM, SHANNON RV, BAŞKENT D, WANG X (2001) Speech
recognition in noise as a function of the number of spectral
channels: comparison of acoustic hearing and cochlear implants. J Acoust Soc Am 110:1150–1163
FULLER CD, GAUDRAIN E, CLARKE JN ET AL (2014) Gender categorization is abnormal in cochlear implant users. J Assoc Res
Otolaryngol 15:1037–1048. doi:10.1007/s10162-014-0483-7
FÜLLGRABE C, STONE MA, MOORE BCJ (2009) Contribution of very low
amplitude-modulation rates to intelligibility in a competingspeech task. J Acoust Soc Am 125:1277–1280. doi:10.1121/
1.3075591
FU Q-J, CHINCHILLA S, GALVIN JJ III (2004) The role of spectral and
temporal cues in voice gender discrimination by normal-hearing
listeners and cochlear implant users. JARO J Assoc Res
Otolaryngol 5:253–260. doi:10.1007/s10162-004-4046-1
FU Q-J, NOGAKI G (2005) Noise susceptibility of cochlear implant
users: the role of spectral resolution and smearing. J Assoc Res
Otolaryngol JARO 6:19–27. doi:10.1007/s10162-004-5024-3
FU Q-J, SHANNON RV (2000) Effect of stimulation rate on phoneme
recognition by Nucleus-22 cochlear implant listeners. J Acoust
Soc Am 107:589–597. doi:10.1121/1.428325
FU Q-J, SHANNON RV, WANG X (1998) Effects of noise and spectral
resolution on vowel and consonant recognition: acoustic and
electric hearing. J Acoust Soc Am 104:3586–3596. doi:10.1121/
1.423941
GAZZALEY A, COONEY JW, RISSMAN J, D’ESPOSITO M (2005) Top-down
suppression deficit underlies working memory impairment in
normal aging. Nat Neurosci 8:1298–1300. doi:10.1038/nn1543
GILBERT G, BERGERAS I, VOILLERY D, LORENZI C (2007) Effects of
periodic interruptions on the intelligibility of speech based on
temporal fine-structure or envelope cues. J Acoust Soc Am
122:1336. doi:10.1121/1.2756161
GNANSIA D, PRESSNITZER D, PÉAN V ET AL (2010) Intelligibility of
interrupted and interleaved speech for normal-hearing listeners
and cochlear implantees. Hear Res 265:46–53. doi:10.1016/
j.heares.2010.02.012
GREEN T, FAULKNER A, ROSEN S (2002) Spectral and temporal cues to
pitch in noise-excited vocoder simulations of continuousinterleaved-sampling cochlear implants. J Acoust Soc Am
112:2155–2164. doi:10.1121/1.1506688
GREENWOOD DD (1990) A cochlear frequency-position function for
several species—29 years later. J Acoust Soc Am 87:2592–2605.
doi:10.1121/1.399052
HOUTGAST T, STEENEKEN HJM (1985) A review of the MTF concept in
room acoustics and its use for estimating speech intelligibility in
auditoria. J Acoust Soc Am 77:1069–1077. doi:10.1121/1.392224
HUGGINS AWF (1975) Temporally segmented speech. Percept
Psychophys 18:149–157. doi:10.3758/BF03204103
IYER N, BRUNGART DS, SIMPSON BD (2007) Effects of periodic masker
interruption on the intelligibility of interrupted speech. J Acoust
Soc Am 122:1693. doi:10.1121/1.2756177
JIN S-H, NELSON PB (2010) Interrupted speech perception: the
effects of hearing sensitivity and frequency resolution. J Acoust
Soc Am 128:881–889. doi:10.1121/1.3458851
KHING PP, SWANSON BA, AMBIKAIRAJAH E (2013) The effect of
automatic gain control structure and release time on cochlear
implant speech intelligibility. PLoS ONE 8:e82263. doi:10.1371/
journal.pone.0082263
LANEAU J, MOONEN M, WOUTERS J (2006) Factors affecting the use of
noise-band vocoders as acoustic models for pitch perception in
cochlear implants. J Acoust Soc Am 119:491–506. doi:10.1121/
1.2133391

BHARGAVA

ET AL.:

The Intelligibility of Interrupted Speech

LOIZOU PC (1998) Mimicking the human ear. IEEE Signal Process
Mag 15:101–130. doi:10.1109/79.708543
LOIZOU PC, DORMAN MF, POWELL V (1998) The recognition of vowels
produced by men, women, boys, and girls by cochlear implant
patients using a six-channel CIS processor. J Acoust Soc Am
103:1141–1149. doi:10.1121/1.421248
MCKAY CM, CARLYON RP (1999) Dual temporal pitch percepts from
acoustic and electric amplitude-modulated pulse trains. J Acoust
Soc Am 105:347–357. doi:10.1121/1.424553
MILLER GA, LICKLIDER JCR (1950) The intelligibility of interrupted
speech. J Acoust Soc Am 22:167–173. doi:10.1121/1.1906584
MOORE BCJ (2003) Temporal integration and context effects in
hearing. J Phon 31:563–574
NELSON PB, JIN S-H (2004) Factors affecting speech understanding in
gated interference: cochlear implant users and normal-hearing
listeners. J Acoust Soc Am 115:2286–2294
NELSON PB, JIN S-H, CARNEY AE, NELSON DA (2003) Understanding
speech in modulated interference: cochlear implant users and
normal-hearing listeners. J Acoust Soc Am 113:961–968
NIE K, BARCO A, ZENG F-G (2006) Spectral and temporal cues in
cochlear implant speech perception. Ear Hear 27:208–217.
doi:10.1097/01.aud.0000202312.31837.25
PLOMP R (1984) Perception of speech as a modulated signal. In: van
den Broecke MPR, Cohen A (eds) Proceedings of the tenth
international congress of phonetic sciences. Foris Publications,
Utrecht, Dordrecht, pp 29–40
POWERS GL, SPEAKS C (1973) Intelligibility of temporally interrupted
speech. J Acoust Soc Am 54:661–667. doi:10.1121/1.1913646
P OWERS GL, W ILCOX JC (1977) Intelligibility of temporally
interrupted speech with and without intervening noise. J Acoust
Soc Am 61:195–199. doi:10.1121/1.381255
QIN MK, OXENHAM AJ (2003) Effects of simulated cochlear-implant
processing on speech reception in fluctuating maskers. J Acoust
Soc Am 114:446–454
ROSEN S (1989) Temporal information in speech and its relevance for
cochlear implants. In: Fraysse B, Cochard N (eds) Cochlear implant:
acquisitions and controversies. Cochlear AG, Basel, pp 3–26
ROSEN S (1992) Temporal information in speech: acoustic, auditory
and linguistic aspects. Philos Trans R Soc B Biol Sci 336:367–373
SAIJA JD, AKYUREK EG, ANDRINGA TC, BAŞKENT D (2014) Perceptual
restoration of degraded speech is preserved with advancing age. J
Assoc Res Otolaryngol 15:139–148. doi:10.1007/s10162-013-0422-z
SALTHOUSE TA (1996) The processing-speed theory of adult age
differences in cognition. Psychol Rev 103:403–428. doi:10.1037/
0033-295X.103.3.403
SCHOOF T, ROSEN S (2014) The role of auditory and cognitive
factors in understanding speech in noise by normal-hearing

older listeners. Front Aging Neurosci. doi:10.3389/
fnagi.2014.00307
SHAFIRO V, SHEFT S, RISLEY R (2011) Perception of interrupted
speech: cross-rate variation in the intelligibility of gated and
concatenated sentences. J Acoust Soc Am 130:EL108–114.
doi:10.1121/1.3606463
SHAMMA S, LORENZI C (2013) On the balance of envelope and temporal
fine structure in the encoding of speech in the early auditory
system. J Acoust Soc Am 133:2818–2833. doi:10.1121/1.4795783
SHANNON RV, ZENG F-G, KAMATH V ET AL (1995) Speech recognition
with primarily temporal cues. Science 270:303–304
SOUZA P, ROSEN S (2009) Effects of envelope bandwidth on the
intelligibility of sine- and noise-vocoded speech. J Acoust Soc Am
126:792–805. doi:10.1121/1.3158835
SRINIVASAN S, WANG D (2005) A schema-based model for phonemic
re s t or at i on . Sp ee ch Co mm 45 : 63 –8 7 . do i : 10 . 1 0 1 6/
j.specom.2004.09.002
STICKNEY GS, ASSMANN PF, CHANG J, ZENG F-G (2007) Effects of
cochlear implant processing and fundamental frequency on the
intelligibility of competing sentencesa). J Acoust Soc Am
122:1069–1078. doi:10.1121/1.2750159
STICKNEY GS, ZENG F-G, LITOVSKY R, ASSMANN P (2004) Cochlear
implant speech recognition with speech maskers. J Acoust Soc
Am 116:1081–1091
STUDEBAKER GA (1985) A Brationalized^ arcsine transform. J Speech
Hear Res 28:455–462
TASELL DJV, GREENFIELD DG, LOGEMANN JJ, NELSON DA (1992)
Temporal cues for consonant recognition: training, talker
generalization, and use in evaluation of cochlear implants. J
Acoust Soc Am 92:1247–1257. doi:10.1121/1.403920
TURNER CW, GANTZ BJ, VIDAL C ET AL (2004) Speech recognition in noise
for cochlear implant listeners: benefits of residual acoustic hearing.
J Acoust Soc Am 115:1729–1735. doi:10.1121/1.1687425
VERHOEVEN J, PAUW GD, KLOOTS H (2004) Speech rate in a
pluricentric language: a comparison between Dutch in Belgium
and the Netherlands. Lang Speech 47:297–308. doi:10.1177/
00238309040470030401
VERSFELD NJ, DAALDER L, FESTEN JM, HOUTGAST T (2000) Method for
the selection of sentence materials for efficient measurement of
the speech reception threshold. J Acoust Soc Am 107:1671–1684.
doi:10.1121/1.428451
WANG X, HUMES LE (2010) Factors influencing recognition of
interrupted speech. J Acoust Soc Am 128:2100–2111.
doi:10.1121/1.3483733
WINGFIELD A (1996) Cognitive factors in auditory performance:
context, speed of processing, and constraints of memory. J Am
Acad Audiol 7:175–182

