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Abstract
Speech reception in noise is an especially difficult problem for listeners with hearing impairment as
well as for users of cochlear implants (CIs). One likely cause of this is an inability to ‘glimpse’ a
target talker in a fluctuating background, which has been linked to deficits in temporal fine-structure
processing. A fine-structure cue that has the potential to be beneficial for speech reception in noise
is fundamental frequency (F0). A challenging problem, however, is delivering the cue to these
individuals. The benefits to speech intelligibility of F0 for both listeners with hearing impairment
and users of CIs are reviewed, as well as various methods of delivering F0 to these listeners.
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I. The Problem of Speech In Noise
The deleterious effects of background noise on speech intelligibility are well-documented.
Although background noise has adverse effects on speech intelligibility for all individuals,
those with hearing impairment (HI) are often more severely affected (Bacon et al., 1998;
Carhart and Tillman, 1970; Carhart et al., 1969; Festen and Plomp, 1983; Houtgast and Festen,
2008; Plomp, 1978). For example, when speech intelligibility was measured for monosyllables
in competing sentences in listeners with normal hearing and listeners with HI, the group with
HI exhibited performance that was as much as 20-50 percentage points lower than the group
with normal hearing at equivalent signal-to-noise ratios (SNRs) (Carhart and Tillman, 1970).
The authors suggested that the effects of sensorineural hearing loss are similar to an increase
in masker level relative to the level of the target (i.e., a decrease in SNR) resulting from
increased thresholds.

It has since been established, however, that the reduction in intelligibility exhibited by listeners
with HI cannot be explained solely by elevated thresholds (Plomp, 1978). This seems to
indicate that there are supra-threshold deficits associated with HI. This additional component
to the deficits exhibited by listeners with HI was described by a model (Plomp, 1986) that
contained two independent factors: an attenuation factor, and a distortion factor. The
attenuation factor represents the threshold shift of a listener with HI. A model based solely on
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the attenuation factor would show differences in speech intelligibility only at lower noise levels,
and a convergence in performance once the level of the noise increased. The distortion factor
represents supra-threshold deficits, and specifies that performance will always be worse for
listeners with HI, once the level of the noise rises to such a level that it becomes the limiting
factor in the audibility of the target speech.

One example of the supra-threshold processing deficits exhibited by listeners with HI can be
observed when fluctuating (amplitude-modulated) maskers are used, such as competing
speech. It has been known for some time that normal-hearing listeners can take advantage of
the momentary favorable SNRs that occur in the temporal valleys of fluctuating maskers to
improve speech intelligibility performance while listeners with HI are less able to (Bacon et
al., 1998; Duquesnoy, 1983; Festen and Plomp, 1990; Miller and Licklider, 1950; Peters et
al., 1998; Plomp, 1994). This ability has been termed “listening in the dips” or “glimpsing.”

One report (Festen and Plomp, 1990) that looked at this difference in glimpsing abilities
between listeners with normal hearing and listeners with HI measured the SNR required for
50 percent-correct speech recognition (the speech reception threshold, or SRT) for both groups
of individuals. The background was varied to be steady-state noise, noise modulated with the
amplitude envelope of speech, or a competing single talker. The SRTs for the participants with
normal hearing were −4.7 dB in steady-state noise, −8.4 dB for speech-modulated noise, and
−11.4 dB for competing speech (see Fig. 1). Thus, the corresponding masking release (the
decline in the effectiveness of the masker) due to an ability to glimpse the target in the valleys
of the fluctuating maskers was about 4 dB in speech-modulated noise, and about 7 dB for
competing speech. On the other hand, in addition to higher overall SRTs than listeners with
normal hearing, listeners with HI showed no release from masking, as evidenced by their nearly
equivalent SRTs regardless of the background (Festen and Plomp, 1990).

As adverse as the effects of background noise are for individuals with HI, they are perhaps
more adverse for users of cochlear implantsi (CIs), due to the reduced frequency resolution
and lack of fine-structure cues provided by the devices (Cullington and Zeng, 2008;Fu et al.,
1998;Nelson and Jin, 2004;Nelson et al., 2003). CIs work by filtering the incoming signal into
a number of frequency bands, and extracting the amplitude envelope in each of the bands
(Loizou, 1998). Electrodes, positioned at various points along the basilar membrane, emit trains
of electrical pulses that are modulated in amplitude with each extracted envelope. Because of
this process, fine-structure cues are largely discarded.

In one study that examined the effects of background noise under CI processing (Nelson et
al., 2003), speech intelligibility was measured in three groups of participants: users of CIs,
normal-hearing listeners listening to broadband stimuli, and normal-hearing listeners who
heard stimuli processed with an envelope vocoder, which simulates CI processingii. Target
speech was heard either in quiet, in a steady noise, or in a gated noise that used a 50% duty
cycle. For the gated noise, the modulation rate was varied from 1 to 32 Hz. The results showed
that normal-hearing listeners showed releases from masking of as much as 70 percentage
points. On the other hand, both normal-hearing listeners in CI simulations and CI patients
themselves showed little to no masking release. The authors argue that their results cannot be
explained by forward masking, because of the relatively high SNRs used for these groups (+8

iFor clarity, listeners with HI and CI patients are discussed separately throughout, despite the fact that both groups of individuals have
HI.
iiThe study of the perception of speech and other acoustic signals by users of CIs has been aided and accelerated by the use of envelope
vocoders, which use a processing scheme similar to that of CIs. The main difference between CI processing and vocoder processing is
that the electrical pulse train carriers of the CI are replaced with carriers consisting of either bands of noise or pure tones. Because vocoder
processing is similar in many respects to CI processing, the vocoder is thought to be a reasonable simulation of CI processing (Dorman
et al., 1997; Shannon et al., 1995).
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and +16). Rather, they suggest that it is the spectrally impoverished nature of CI processing
that prevents a coherent auditory image from forming even in relatively low-level noise, and
thus inhibits the listeners' ability to glimpse the target speech (Nelson et al., 2003).

Another study (Stickney et al., 2004) examined speech intelligibility in normal-hearing
listeners listening to a CI simulation, and used either speech maskers or noise shaped with the
long-term spectra of each respective speech masker. They found no release from masking with
speech maskers relative to speech-shaped noise, and in some cases, the speech maskers
produced more masking than the noise.

II. The Importance of Fundamental Frequency (F0)
It has been suggested that the lack of masking release in fluctuating maskers (such as competing
speech) in both listeners with HI (Festen and Plomp, 1990; Summers and Leek, 1998) and in
CI patients (Nelson and Jin, 2004; Qin and Oxenham, 2003; Qin and Oxenham, 2005; Stickney
et al., 2007; Stickney et al., 2004) is due at least in part to an inability to code F0. This inability
likely arises from reduced temporal fine-structure processing (Hopkins and Moore, 2007;
Hopkins et al., 2008; Lorenzi et al., 2009; Lorenzi et al., 2006; Moore, 2008; Moore et al.,
2006; Stickney et al., 2007). The inability of listeners with HI to make use of temporal fine-
structure cues is currently a topic of considerable study, and current CI processing strategies
are well-known for discarding all (or nearly all) temporal fine-structure information, and
providing only envelope cues to the user.

Although there is ample evidence to support the importance of temporal fine structure and F0
for speech understanding, it is important to note that the redundancy of speech makes temporal
fine structure (and F0) neither necessary nor sufficient for good speech reception. It is also the
case that not all researchers have argued for the importance of temporal fine structure in the
release from masking in modulated backgrounds. For example, when a speech-plus-noise
mixture was high-pass filtered at 1500 Hz, the release from masking obtained when the
background was modulated was similar to that obtained when the same mixture was low-pass
filtered at 1200 Hz (Oxenham and Simonson, 2009). The authors also measured frequency
selectivity by obtaining F0 difference limens (DLs) of harmonic complexes that were filtered
using the same filter characteristics, and found that the DLs for the high-passed complexes
were worse than those for the low-pass complexes by about a factor of 10 (F0 DLs increased
from about 1% in the low-pass condition to about 10% in the high-pass condition). Thus, they
concluded that F0 was likely not a useful cue in the high-pass conditions, and therefore was
not responsible for the release from masking they observed (Oxenham and Simonson, 2009).
The results are difficult to interpret, however. Although the DLs are considerably poorer in the
high-pass condition than in the low-pass condition, differences in F0 of 10% or more in the
high-passed complex were nevertheless detectable. The authors report that the mean F0 of the
target talker was 110 Hz, and the standard deviation was 24 Hz, indicating that F0 variation in
the target speech commonly exceeded 10% of the mean F0, which was the average DL for the
high-pass condition. Thus, this seems to indicate that the F0 variation may have been detectable
at least some of the time, even in the high-pass condition where frequency selectivity was
greatly reduced.

Despite the conclusions drawn by Oxenham and Simonson (2009), there is evidence from many
sources that the availability of the target talker's F0 helps improve intelligibility, particularly
in competing speech. F0 has been shown to be important for several linguistic cues, including
voicing (Holt et al., 2001; Whalen et al., 1993), lexical boundaries (Spitzer et al., 2007), and
manner of articulation (Faulkner and Rosen, 1999). However, it is also an important acoustic
cue. In this case, it is useful to consider separately two cues that are often classified under the
general term F0: the static mean F0, and the dynamic variations in F0. Mean F0 is what is
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typically thought of when describing the differences in F0 between males and females. F0
variation is the change in F0 that occurs in time across an utterance, and can be thought of as
what is removed by speaking in monotone.

A. Mean F0
Mean F0 is a well-known cue for speech intelligibility in the presence of competing speech,
and it has been shown that intelligibility in listeners with normal hearing increases as mean F0
separation (the difference in mean F0 between target and masker) increases for both vowels
(Assmann and Summerfield, 1990; Culling and Darwin, 1993b) and sentences (Assmann,
1999; Bird and Darwin, 1997; Brokx and Nooteboom, 1982; Oxenham and Simonson, 2009;
Summers and Leek, 1998). However, there has generally been no benefit to intelligibility from
mean F0 separation between target and masker observed in listeners with HI (Summers and
Leek, 1998) or in either real or simulated CI listening conditions (Stickney et al., 2004). On
the other hand, CI patients have shown some ability to discriminate gender when mean F0
separation was large (Fu et al., 2005). In this study, a closed set of monosyllables was produced
by 10 males and 10 females. For each gender, the 5 males with the highest mean F0 were
grouped with the 5 females with the lowest mean F0, and the other 10 talkers formed a second
group. Thus, there was one group in which the average mean F0 difference between males and
females was small (10 Hz), and another group in which the average mean F0 difference between
males and females was large (101 Hz). The participants' task was to identify the gender of the
talker. Results showed that identification performance by CI patients was about 94 percent
correct when mean F0 difference between males and females was large, and about 68 percent
correct when it was small (Fu et al., 2005). It is interesting to note that even in the more difficult
condition, performance was still above chance, although the small number of patients tested
precluded any statistical analysis.

There have also been a few simulated CI listening studies that have varied mean F0 separation
between target and masker by using different speech maskers (Brown and Bacon, 2009b;
Cullington and Zeng, 2008). Although both of these studies showed significant differences in
speech intelligibility performance with differences in mean F0 separation, they both also used
vocoders having sinusoidal carriers, which may provide more pitch information than vocoders
using noise-band carriers. In addition, neither of these studies manipulated mean F0 separation
per se, but rather used different background talkers. Because the speech materials in these
experiments were sentences, this makes interpretation of the effects of mean F0 separation
difficult, because more than just mean F0 may vary using this manipulation. For example,
speech from different talkers may have been produced with different speaking rates. They may
also vary between ‘conversational’ and ‘clear’ speaking styles, which has been shown to be a
significant factor for speech understanding in both actual CI processing and in simulations of
CI processing (Liu et al., 2004). Indeed, both studies conclude that there is not a simple
relationship between the amount of masking from speech maskers and mean F0 separation
(Brown and Bacon, 2009b; Cullington and Zeng, 2008).

B. F0 Variation
The effects of F0 variation have been shown to be beneficial for speech reception as well. For
example, a relatively early paper demonstrates this effect for listeners with normal hearing
(Brokx and Nooteboom, 1982), although it is not a point of emphasis in the paper. A comparison
of their Figures 3 and 5 shows that when the target and masker had different mean F0s
(‘DIFFERENT PITCH’ conditions), the percentage of errors decreased by about 15 percentage
points on average across SNRs when intonation was normal (with F0 variations) compared to
monotonous productions (without F0 variations). Fig. 2 re-plots these data for convenience.
The fact that almost no benefit from F0 variation is observed in the ‘SAME PITCH’ conditions
is not surprising, and is likely due to confusion arising from an inability of listeners to
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discriminate the variations of the target F0 from those of the masker F0. More recently, F0
variation was removed from target speech, which was then presented in a background of either
speech-shaped noise or a single talker (Binns and Culling, 2007). While SRTs in speech-shaped
noise were equivalent whether the target talker's F0 variation was or was not present, they
improved by 2 dB in the single-talker background when the F0 of the target speech varied
normally, as compared to when it did not vary at all.

Indirect evidence for a benefit to speech reception from F0 variation may be seen in the results
of a few experiments that have noted significant differences in performance depending on the
vocoder implementation used. Broadly, vocoders that use sinusoidal carriers have shown more
benefit from F0 variation than those that use noise-band carriers (Stone et al., 2008; Whitmal
et al., 2007), perhaps because of better F0 representation provided by the sinusoidal carriers
(Stone et al., 2008). For example, speech intelligibility in the presence of a competing talker
was measured using both tone and noise vocoders (Stone et al., 2008). Although mean F0s are
not reported, the target and masker were both males who had considerable overlap in the
reported ranges of F0. In addition to vocoder carrier type, the low-pass cutoff frequency of the
envelope extraction filters was also varied to be either 45 Hz or 180 Hz. This manipulation
provided a signal that either contained (180 Hz) or did not contain (45 Hz) F0 information from
periodicity cues in the envelope. While the differences in performance due to envelope cutoff
frequency were relatively small (around 10 percentage points) when the vocoder used noise-
band carriers, the same differences were as much as 20-25 percentage points with the sinusoidal
vocoder (see Fig. 3). These results seem to indicate that the F0 cue was better preserved when
the vocoder carriers were tones. In addition to cutoff frequency, the slope of the envelope
extraction filter has also been shown to affect intelligibility (Healy and Steinbach, 2007) when
sinusoidal carriers are used. In this study, speech reception was measured using a 3-channel
sinusoidal vocoder and a male target talker. The cutoff frequency of the envelope extraction
filter was either 16 or 100 Hz. When the slope of the envelope extraction filter was decreased
from 96 to 12 dB/octave, performance improved significantly (Healy and Steinbach, 2007).

Another recent study (Chatterjee and Peng, 2008) compared the abilities to discriminate
intonation patterns in speech of both listeners with normal hearing listening to a vocoder, and
users of CIs. English-speaking listeners heard the word ‘popcorn,’ which was resynthesized to
contain either a rising intonation pattern, which in English would indicate a question, or a
falling intonation pattern, which would indicate a statement. Their task was to indicate whether
the stimulus was a statement or question. Results clearly demonstrated that listeners could
discriminate the different intonation patterns. These researchers (Chatterjee and Peng, 2008)
found a similar pattern of results for listeners with CIs as well, despite considerable variability
across users in their ability to discriminate the patterns of intonation.

One report (Wei et al., 2004) that examined the ability to use F0 variation in both listeners with
CIs and listeners with normal hearing listening to vocoded stimuli used native speakers of
Mandarin Chinese, which is a tonal language. An advantage of Mandarin is that it contains
words that vary in meaning, but differ acoustically only in F0 contour. For example, the
syllable /ma/ can have one of four different meanings depending on the contour. Under both
CI and vocoder processing, the authors varied the number of channels from 1 to 20, and asked
listeners to perform a tone recognition task. In CI patients, they found that performance ranged
from near chance (25 percent correct) with only one active electrode to about 70 percent correct
with 10 active channels (Wei et al., 2004). Not every CI patient could perform the task,
however, as one patient never achieved better than chance performance. In vocoder
simulations, tone recognition was about 70 percent correct even with a single channel. These
data indicate that it is at least possible for F0 variation to be used as a cue by some CI patients.
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However, these data were collected in quiet and it is unclear whether, with current CI and
hearing aid technologies, the F0 cue can be as salient in background noise. A considerable
amount of attention has been paid over the years to developing ways of providing F0 to listeners
who stand to benefit. These efforts are outlined in the next section.

III. Providing F0 as a Cue for Listeners with Impairment
As we have seen, F0 is important for speech understanding, particularly in difficult listening
conditions, such as in the presence of a competing background. However, the individuals who
perform the poorest in background noise and thus stand to benefit the most from F0 (i.e.,
listeners with HI and users of CIs) are often the ones who are least able to take advantage of
the cue. As a result, over the years many researchers have explored ways of providing F0
information, in addition to other cues, to these listeners.

A. Listeners with HI
Various studies have examined the efficacy of delivering F0 to listeners with HI as an aid to
lipreading. One possible advantage to providing an F0 cue as opposed to simply amplifying
speech is that the narrow-band nature of the F0 cue (which is typically delivered using a pure-
tone carrier) makes it possible for higher sound pressure levels to be achieved for a given
amount of gain, because all of the amplification can be concentrated in the frequency region
in which F0 occurs.

In one study, lipreading performance by profoundly deafened adults was measured either alone,
or augmented by acoustically delivered F0, which was extracted using a laryngograph (Rosen
et al., 1981). Subjects practiced with another participant over a number of sessions on a
connected discourse task. Each partner was in an adjoining sound booth, with a window
between so they could see each other. The job of the participant with HI was to read the lips
of his or her partner, and repeat what they were saying. The talker could receive auditory
feedback from the receiver, but not vice-versa, so that if there was an error in communication,
the receiver could indicate this to the talker and they could try again. Performance was
measured in the number of words accurately repeated per minute. While only small
improvements to lipreading speed were observed over time without the F0 cue, the rate of
lipreading increased consistently over time in the presence of F0, and by the end of testing,
was shown to be faster than lipreading alone by as much as 2-3 times (Rosen et al., 1981).

Others have examined similar procedures, using F0 extracted from the acoustic signal, rather
than with a laryngograph. Although less accurate, this type of extraction is a more realistic
implementation, since laryngographs are somewhat infeasible for everyday interactions. For
example, when lipreading performance was measured in listeners with normal hearing, the
addition of F0 information provided 50 percentage points of enhancement over lipreading alone
(Kishon-Rabin et al., 1996). These researchers also examined the efficacy of delivering the F0
cue to individuals with HI using a tactile display (Kishon-Rabin et al., 1996). Users wore the
device on the forearm, and it delivered F0 variation via both vibro-tactile (the rate of a pulse
train used to vibrate the device was modulated in frequency), as well as spatial-tactile means
(the pulse train was delivered via one of 16 solenoids, arranged linearly on the device). In this
way, users received both a rate cue, in the form of the modulation rate of the pulse train, and
a place cue, conveyed as the place of stimulation on the forearm. Results showed that the device
provided an average of 11 percentage points of benefit over lipreading alone. The authors ruled
out the accuracy of the extraction method as a limiting factor, and thus concluded that there
were limitations inherent in the tactile delivery method that were responsible for the modest
enhancements they observed with the device (Kishon-Rabin et al., 1996).
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It has also been shown that in addition to F0 variation, voicing and low-frequency amplitude
envelope information can provide benefit as cues to lip reading (Grant et al., 1985). Along
these lines, another study examined the benefits to lipreading from a wearable aid that presented
both F0 and amplitude envelope information acoustically to profoundly deafened individuals
(Faulkner et al., 1992). The aid was shown to provide more benefit than simple amplification
for 3 of 5 subjects tested in both consonant identification and connected discourse tracking.

B. CI Patients
Providing pitch information to CI users is a difficult problem. In designing the devices,
tradeoffs have had to be made and as we have seen, one tradeoff has been the near elimination
of fine-structure cues in favor of envelope cues. As a result, most pitch cues are unusable for
most CI patients. There are several reasons for this. First, there is a limit to the number of useful
concurrent electrodes. Of course, more electrodes can be added to the electrode array, but they
will not necessarily benefit the user. This is because of a phenomenon known as current spread.
It is difficult to control the electrical current once it is discharged from the electrode, and a
broad region of the basilar membrane is usually stimulated. Thus, if two electrodes are very
close in proximity, the user will not be able to distinguish which electrode was stimulated. As
a result, there are only a certain number of effective channels that can be used along the length
of the basilar membrane. When one considers that the electrodes are fixed in place, it becomes
clear that only very gross frequency resolution is possible using standard CI configurations.

Numerous attempts have been made over the years to provide an improved representation of
F0 in CIs. Early devices used various techniques to deliver F0, as well as F1 and F2 cues to
patients fitted with a CI (Blamey et al., 1987; Blamey et al., 1984; Clark et al., 1987; Dowell
et al., 1985; Dowell et al., 1986; Seligman et al., 1984). One technique utilizes what is known
as rate pitch. Typically, the train of electrical pulses delivered to each electrode has a fixed
rate. When F0 is represented by rate pitch in a CI, the pulse train of an electrode is modulated
in frequency, such that the rate of the electric pulses varies with changes in F0. Another method
can be described as place pitch. This method uses a group of contiguous electrodes, and changes
in frequency are coded by changes in the electrode being discharged. Early devices
demonstrated significant benefits in speech reception by using a combination of these two
methods. For example, some early CIs were designed to deliver F0 in the form of rate pitch
(Blamey et al., 1984; Clark et al., 1987; Dowell et al., 1985), and the higher ordered formants
(F1, F2) in the form of place pitch (Blamey et al., 1987; Clark et al., 1987; Dowell et al.,
1986; Seligman et al., 1984). Results showed that speech reception was best when all three
formants were represented, rather than either F0 alone, or F0 and F2 (Blamey et al., 1984).

An interesting place-pitch strategy has been employed recently to encode F0 with some success
(Geurts and Wouters, 2004). This technique involves delivering current to a pair of adjacent
electrodes, and weighting the current to each. If the current to both electrodes is weighted
equally, then the pitch percept will be between those obtained when either electrode is
stimulated alone (McDermott and McKay, 1994). As the weighting shifts to the more basal
electrode, for example, the pitch percept will shift correspondingly higher. This type of
stimulation has been called current steering (Koch et al., 2007) or virtual channels (Wilson et
al., 2004).

Another place-pitch implementation is known as current focusing, or tripolar stimulation
(Miyoshi et al., 1996). This strategy is an attempt to address the problem of current spread.
Three adjacent electrodes are used, with the two flanking electrodes carrying the same current
load as the center electrode, but reduced in amplitude, and inverted in phase. The idea is that
the phase-inverted current from the flanking electrodes will cancel the current from the center
electrode as it spreads laterally, thus ‘focusing’ the current. An examination of cortical activity
has confirmed a narrowed current field from tripolar stimulation (Bierer and Middlebrooks,
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2002), and better spectral resolution than standard (monopolar) stimulation strategies
(Berenstein et al., 2008) has also been reported. However, there has been little, if any,
improvement to speech intelligibility as a result of this strategy reported thus far (Mens and
Berenstein, 2005). The nature of tripolar stimulation seems to make it a potentially useful
mechanism for delivering a pitch cue to CI patients, since in theory, it would be possible to
dynamically adjust the current to the two flanking electrodes to ‘steer’ the current from the
center electrode according to changes in the F0 cue. However, the efficacy of tripolar
stimulation in this regard remains to be seen.

Finally, various attempts have been made to improve the F0 representation in CIs in the form
of envelope pitch, in which the electric pulses are amplitude modulated with an extracted F0
(Green et al., 2004; Green et al., 2005; Milczynski et al., 2009). While improvements have
been shown for pitch ranking and melody recognition (Laneau et al., 2004; Milczynski et al.,
2009), there has been limited benefit to speech reception reported thus far (Green et al.,
2005).

The most common limitation of the wide-spread adoption of F0-based solutions may be the
problem of feature extraction (including F0) in noise. Although this is an issue that has received
a great deal of attention, and many signal processing refinements have been made over the
years to improve the accuracy of feature extraction algorithms, a robust solution has not yet
been found.

C. EAS Patients
We have established that the limited representation of F0 by modern CIs results in difficulty
by CI users with speech understanding in the presence of background noise. While much work
has been devoted to finding ways to improve F0 representation by the devices, perhaps the best
way to deliver F0 to those CI patients who retain some residual hearing is acoustically. For
both simulated and real implant processing, the addition of low-frequency acoustic stimulation
often enhances speech understanding, particularly when listening to speech in the presence of
competing speech (Dorman et al., 2005; Kong et al., 2005; Turner et al., 2004). The benefit
of this so-called electric-acoustic stimulation (EAS) occurs even when the acoustic stimulation
alone provides little or no intelligibility (i.e., no words correctly identified).

Several recent papers have demonstrated that CI patients may need residual hearing only up
to about 125 Hz or so to achieve an EAS benefit (Cullington and Zeng, 2009; Zhang et al.,
2009). In one study for example, EAS patients listened to both sentences in noise and
monosyllables in quiet (Zhang et al., 2009). The acoustically-delivered stimuli were low-pass
filtered at 750, 500, 250, or 125 Hz, or presented broadband and filtered by each listener's
audiometric configuration. Results showed that the majority of the EAS benefit was derived
from information present below 125 Hz. With monosyllables, for example, scores in the
electric-only, EAS-125, and EAS-broadband conditions were 56, 78, and 88 percent correct
(Zhang et al., 2009). Given that the talker was a male with a mean F0 of 123 Hz, it seems clear
that F0 provided the majority of the EAS benefit observed in this study.

Segregation has been suggested as a possible mechanism for the benefits of EAS in noise
(Chang et al., 2006; Kong et al., 2005; Qin and Oxenham, 2006). According to this theory,
listeners are able to combine the relatively weak pitch information conveyed by the electric
stimulation with the stronger pitch cue from the low-frequency acoustic region to segregate
target and masker. This is a reasonable hypothesis, because there are results in other contexts
that show that F0 aids in the segregation of competing talkers (Assmann, 1999; Assmann and
Summerfield, 1990; Bird and Darwin, 1997; Brokx and Nooteboom, 1982; Culling and Darwin,
1993a). Recent reports (Chang et al., 2006; Qin and Oxenham, 2006) have provided evidence
that F0 is likely to play an important role independent of any role that the first formant may

Brown and Bacon Page 8

Hear Res. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



play. For example, significant benefit was observed when vocoder stimulation was
supplemented by 300-Hz low-pass speech (Chang et al., 2006; Qin and Oxenham, 2006). This
seems to suggest that F0 is important, since it is very unlikely that the first formant is present
below 300 Hz (Hillenbrand et al., 1995).

The majority of the work that has been published on this topic points to F0 as a useful cue
under EAS conditions. Much of the evidence to support F0 has been rather indirect, however,
and there is not complete agreement as to the importance of F0. For example, the first published
work that directly examined the contributions of F0 did so under simulated EAS conditions
(Kong and Carlyon, 2007), and showed that F0 provided no benefit. These researchers extracted
the dynamic changes in F0 from target speech, and used the F0 information to frequency
modulate a harmonic complex having a F0 equal to the target talker's mean F0. The complex
was then combined with a target-plus-background mixture processed through a vocoder which
simulated electric stimulation. The rationale was that if an EAS benefit is observed using the
modulated complex, it can be concluded that F0 is a useful cue. The authors also examined the
independent contributions of the voicing cue (by turning an unmodulated complex on and off
with voicing) and the amplitude envelope (by amplitude modulating the complex with the
amplitude envelope of the target speech), and found that while both of those cues provided
benefit over vocoder-only stimulation, F0 did not. They concluded that because the F0 cue was
not shown to be beneficial in their study, segregation was likely not the mechanism for the
benefits of EAS. Instead, they suggested glimpsing as an explanation, wherein the low-
frequency stimulus (target speech or the amplitude-modulated harmonic complex) provides an
indication of when to listen in the vocoder region. Because of comodulation inherent in speech,
when the level of the target is high in the low-frequency region, there is a greater likelihood
that the signal-to-noise ratio is more favorable in the vocoder region.

A similar experimental design was employed by Brown and Bacon (2009b) using a pure-tone
carrier, as opposed to a harmonic complex. These simulation data showed that each of the three
cues tested (voicing, amplitude envelope, and F0) contributed a significant amount of benefit
under simulated EAS conditions, and that combining all three produced the greatest benefit.
The amount of benefit to speech intelligibility was between 24 and 57 percentage points over
vocoder-only stimulation, depending on the target and masker materials used. In particular,
the tone provided more benefit when the sentence context was high. Fig. 4 shows data collected
using a procedure that was identical to that used by Brown and Bacon (2009b), but with high-
context sentence materials. Each plot represents percent correct word recognition for CUNY
sentences, spoken by a male talker, in either a different male background (squares) or a female
background (circles). Processing conditions are depicted along the x axis, and include vocoder
only (V), vocoder plus 500-Hz low-pass target speech (V/500), vocoder plus a tone with a
frequency equal to the mean F0 of the target talker that was turned on and off with voicing (V/
Tvoice), vocoder plus a tone modulated in frequency with the target talker's F0 (V/TF0), vocoder
plus a tone modulated in amplitude with the amplitude envelope of the low-pass target speech
(V/Tenv), and vocoder plus a tone carrying all three cues (V/TF0-env). Note that the voicing cue
is present in all of the tone conditions. The values to the right of each plot are the amounts of
improvement from the frequency- and amplitude-modulated tone in each background over
vocoder-only performance. Although the benefit due to F0 and the amplitude envelope is
greater here with the high-context sentences than we observed previously with low-context
sentences (Brown and Bacon, 2009b), the pattern of results is the same: both F0 and the
amplitude envelope contribute nearly equivalent amounts of benefit over vocoder only, and
the combination of the two cues provides more benefit than either cue alone.

The effectiveness of the tone has also been confirmed with EAS patients (Brown and Bacon,
2009a), who showed an average benefit over electric-only stimulation of 46 percentage points
when the frequency- and amplitude-modulated tone was presented acoustically, as compared
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to 55 percentage points when the acoustic stimulus was target speech. It has also been reported
that the presence of a second tone that carried F0 and amplitude envelope cues from the masker
sentence had little to no effect on performance (Brown and Bacon, 2009b), and that the F0 and
amplitude envelope cues of the target speech can be carried by a tone much lower in frequency
than the mean F0 of the target talker with no loss in the amount of EAS benefit (Brown et
al., 2009). This result in particular is strong evidence against segregation as an explanation for
EAS. If listeners are indeed segregating target and masker by combining the strong F0 cue in
the acoustic stimulation with the relatively weak pitch cue from the electric stimulation, then
altering the pitch cue by shifting it down in frequency should reduce or eliminate the benefit.
But these researchers showed that even when the F0 variation from a female target talker whose
mean F0 was 213 Hz was applied to a tone with a frequency of 113 Hz, there was no decrease
in the benefit due to the tone (Brown et al., 2009). As a result, the authors have argued against
segregation as an explanation for the benefits of EAS, and support the glimpsing account
proposed previously (Kong and Carlyon, 2007; Li and Loizou, 2008).

These results seem to indicate that it may be possible to provide F0 (and the amplitude
envelope) to EAS patients who have very little residual hearing. For example, if a CI patient
has residual hearing up to about 100 Hz, no EAS benefit typically may be observed, even with
amplification. One reason for this lack of benefit is that the F0 of most talkers, particularly
women and children (Peterson and Barney, 1952), would be too high in frequency to be audible.
However, the benefits of EAS may be possible if F0 and amplitude envelope cues are applied
to a tone that has been shifted down into a frequency region of audibility (Brown et al.,
2009).

IV. Conclusion
Complex waveforms such as speech contain, to a greater or lesser degree, both envelope
information and temporal fine-structure information. In favorable listening situations,
providing envelope cues only is often sufficient for good intelligibility. This point is illustrated
clearly by the success of the modern CI, which is well known for discarding most fine-structure
information in favor of amplitude envelope information. Users of CIs often perform quite well
on speech intelligibility tasks in quiet (Dorman and Loizou, 1997; Dorman and Loizou,
1998). On the other hand, speech intelligibility by patients with CIs is typically poor in the
presence of background noise (Nelson et al., 2003; Stickney et al., 2004). Indeed, background
noise is a significant problem for listeners with HI and CI users, and these difficulties have
been linked to reduced fine-structure processing, a common characteristic in both listeners with
HI (Hall and Wood, 1984; Lorenzi et al., 2006; Moore et al., 2006), and those fitted with a CI
(Fu and Nogaki, 2005; Stickney et al., 2007).

An important consequence of reduced fine-structure processing is an inability to glimpse a
target in a fluctuating masker, which leads to poor performance on speech reception tasks in
modulated noise (Lorenzi et al., 2009; Lorenzi et al., 2006). Although F0 has been shown to
be important for speech understanding in a variety of settings, the cue seems to be particularly
useful in difficult listening conditions in which fine-structure cues may be limited, such as
those experienced by listeners with HI and users of CIs. Several researchers have cited an
inadequate representation of F0 as one of the causes of the reduced speech reception often
observed in these impaired populations (Festen and Plomp, 1990; Nelson and Jin, 2004; Qin
and Oxenham, 2003; Qin and Oxenham, 2005; Stickney et al., 2007; Stickney et al., 2004;
Summers and Leek, 1998), and although numerous attempts have been made to provide them
with the F0 cue, much more work needs to be done.
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CI Cochlear implant
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F1 First formant
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Fig. 1.
Data estimated from Fig. 6 in Festen and Plomp (1990). Bars in the left column represent SRT
performance by normal-hearing listeners, bars in the right column by listeners with HI. White
bars indicate SRTs in steady-state noise, light gray bars indicate SRTs in modulate noise and
dark gray indicate SRTs in a single-talker background. For each group of listeners, the
difference between the white and gray bars represents the release from masking due to
modulation.
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Fig. 2.
Data estimated from Figs. 3 and 5 in Brokx and Nooteboom (1982). Percent errors as a function
of SNR when intonation was either monotonous (circles) or normal (squares). The percent
errors decreased by an average of about 15 percentage points across SNRs with the addition
of normal intonation.
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Fig. 3.
Data estimated from Fig. 3 in Stone et al. (2008). Mean percent correct intelligibility as a
function of number of vocoder channels. Plots with square symbols represent performance
when the vocoder used noise band carriers; plots with circles represent sinusoidal carriers.
Open symbols represent performance when the cutoff frequency of the envelope extraction
filter was 45 Hz, whereas filled symbols represent performance when the cutoff was 180 Hz.
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Fig. 4.
Mean percent correct intelligibility. Squares represent performance in a male background
(different talker from the target), circles represent a female background. Processing conditions
are depicted along the x axis, and include vocoder only (V), vocoder plus 500-Hz low-pass
target speech (V/500), vocoder plus a tone with a frequency equal to the mean F0 of the target
talker that was turned on and off with voicing (V/Tvoice), vocoder plus a tone modulated in
frequency with the target talker's F0 (V/TF0), vocoder plus a tone modulated in amplitude with
the amplitude envelope of the low-pass target speech (V/Tenv), and vocoder plus a tone carrying
all three cues (V/TF0-env). Note that the voicing cue is present in all of the tone conditions. The
values to the right of each plot are the amounts of improvement from the frequency- and
amplitude-modulated tone (V/TF0-env) in each background over vocoder-only performance
(V).
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