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AbstrAct

Cochlear implant (CI) users experience severe difficulties 
understanding speech in crowded environments, especially 
when more than one person are speaking simultaneously (the 
cocktail-party setting). In this dissertation, the hypothesis was 
that such a difficulty could be largely attributed to the poor 
representation of voice cues in the implant arising from degraded 
spectrotemporal resolution from signal processing strategies.
Human voices are characterized not only by their F0 (i.e. their 
pitch), but also by a second dimension called the vocal-tract 
length (VTL). This dimension directly scales with the size of 
the speaker and, therefore, plays a crucial role in the distinction 
between male and female talkers, or between adults and children.

In CI users, most spectral aspects of F0 are lost, but temporal 
aspects are largely preserved, allowing a degraded but persistent 
pitch percept. VTL perception, however, entirely depends on 
the ability of the listener to perceive some spectral features that 
appear to be lost in the implant. In this dissertation, the following 
research questions were investigated: whether CI users’ speech 
intelligibility in the presence of a competing talker (speech-on-
speech; SoS) is related to their sensitivity to the underlying 
F0 and VTL differences between the speakers, whether this 
relationship is influenced by the inherent spectral resolution in 
the implant, and whether optimizing signal processing strategies 
could improve the perception of such cues.

Results from this dissertation demonstrated that CI users’ 
SoS intelligibility was related to their sensitivity to both F0 
and VTL cues, and that this relationship was influenced by 
the inherent spectral resolution in the implant. In addition, 
spectral enhancement techniques and optimization of frequency 
quantization maps in the implant were both shown to contribute 
to an improvement in SoS intelligibility and VTL sensitivity, 
respectively. These findings lay the foundations for future coding 
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strategies and optimization techniques that aim to improve CI 
users’ speech intelligibility in noisy settings.

Keywords: cochlear implant, voice, cocktail-party, F0, vocal-tract-length, 
spectral resolution, channel interaction, spectral enhancement, frequency 
quantization map
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Chapter I

1. PrefAce

Imagine meeting up with a friend at a cocktail party. As you 
arrive, you are greeted by the din of chatter, background music, 
and clinking cutlery. You start engaging in conversation yourself 
and, despite the background interference of other talkers, you 
are still able to understand what your friend is saying. With 
normal hearing (NH), you can tell your friend’s voice apart from 
the conversation taking place next to you. In other words, you 
can perceive the color of your friend’s voice: the pitch, timbre, 
accent, manner of articulation, etc., which set out your friend’s 
voice apart from the other speakers in the background. But what 
if you have impaired hearing? What would the situation be like?

Consider this analogy: if you normally wear glasses, you 
would realize, for example, how difficult it would be if you were 
asked to locate, from a distance, a red ball embedded in a sea of 
red balloons. Without the glasses, the visual scene would appear 
too blurry such that you would have extreme difficulty telling the 
outline of the ball from the balloons in the background because 
they all share similar visual features. The task would become 
much simpler once you put on the glasses, which will enhance 
the optics to render the scene much clearer.

This situation is similar to those who have some form of 
hearing impairment. For hearing-impaired individuals, female 
voices, for example, may sound alike, especially in crowded 
settings (similar to identifying the red ball in the sea of red 
balloons), and without a tool to enhance the scene, this task 
would be extremely difficult. However, unlike glasses, hearing 
aids (HAs) and cochlear implants (CIs), which are neuro-
prosthetic devices that attempt to restore hearing by electrically 
stimulating the auditory nerve, do not restore NH. Rather, they 
provide some sensation of useable hearing, but the acoustic scene 
would still largely remain blurred. That said, most CI users can 
understand words and sentences spoken by a single talker in 
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a quiet environment (like trying without the glasses to locate 
the red ball if it is propped against a white wall). However, 
situations such as the cocktail party setting described above 
(Cherry, 1953), become extremely challenging and effortful for 
CI users (for an in-depth study on listening effort, see Pals, 
2016), which can affect their enjoyment of such social gatherings. 
CI users have anecdotally reported (e.g., “OPCI: Ervaringen van 
laatdove mensen,” 2018) that they avoid such events and settings 
altogether, which significantly affects their quality of life. In 
a survey of 247 adult CI users (Van Hardeveld, 2010), more 
than 93% of the respondents indicated their satisfaction with 
their speech understanding in quiet using the CI. However, this 
proportion fell to below 30% when asked about their satisfaction 
with speech understanding in noise. In addition, 63% of the 
respondents stated that they prefer watching TV with subtitles 
compared to without because of the added effect of background 
sound effects.

The prevalence of hearing loss is expected to increase in the 
next few years, rendering the difficulty of speech intelligibility in 
adverse conditions a pressing problem. The European Federation 
of Hard of Hearing People recently published the results of a 
survey conducted on 391 hard-of-hearing participants from 21 
European countries, including Cyprus, Denmark, France, the 
Netherlands, Germany, Spain, Sweden, and the United Kingdom 
(European Federation of Hard of Hearing People, 2018). The 
statistics revealed that about 52.9% of the respondents acquired 
hearing loss (HL) during the most productive years of their 
professional lives (between the ages of 26 and 55 years). This is 
compared to only 17.6% who acquired hearing loss at or after 
56 years of age. These statistics suggest that environmental 
factors in addition to work-related stressors may contribute to 
late onset of HL. Moreover, the rise in number of the ageing 
population in Europe is also expected to contribute additionally 
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to the prevalence of HL, such that the number of hard-of-
hearing individuals is expected to increase by around 50% in 
2031, reaching about 75 million affected individuals in Europe 
alone (European Federation of Hard of Hearing People, 2015). 
These findings suggest that it seems likely for the prevalence of 
acquired HL to increase in the near future, with implications for 
an increase in the number of implant users.

Hearing in noise is thus difficult for many hearing-impaired 
people, especially if they are CI users. More specifically, 
situations involving multiple simultaneous talkers are even more 
challenging for CI users compared to situations in which the 
background interference is non-speech noise (e.g., Cullington 
and Zeng, 2008; Stickney et al., 2004), potentially due to the 
lack of transmission of fine detail by the implant. For a target 
speech signal masked by a competing masker speech signal 
(speech-on-speech; SoS), two masking processes are expected 
to be involved. The first type, termed energetic masking, is 
a masking phenomenon occurring at the peripheral auditory 
system due to the energy overlap between the spectrotemporal 
components of the two speech signals (Brungart, 2001; Pollack, 
1975; see Mattys et al., 2012 for a review). The second type, 
informational masking (Brungart, 2001; Pollack, 1975; Watson 
et al., 1976; see Kidd et al., 2008 for a review), occurs due to 
competition between the target and masker signals along more 
central pathways of auditory processing, such as when linguistic 
overlap occurs between the two competing signals. These two 
masking mechanisms, in addition to the degradations imposed 
on the signal by CI processing, contribute to the added challenge 
in SoS intelligibility perceived by CI listeners.

Telling various speakers apart relies on the perception of 
speaker-specific cues (e.g., Abercrombie, 1967), such as, but not 
limited to, voice differences, manner of articulation, breathiness, 
the speaker’s accent, etc., which together give the voice of the 
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speaker its unique character, or as is referred to in this thesis, 
the voice color. The CI limits the transmission of fine spectral 
and temporal details in the acoustic signal, which can be thought 
of as a process that smears the voice colors, or rather, expresses 
certain pigments and inhibits others. In this dissertation, I focus 
specifically on voice cues which are derived from the anatomy 
of the human production system and investigate their possible 
links to deficits experienced by CI listeners in cocktail-party 
settings.

2. theoreticAl bAckground

2�1� Fundamentals of auditory scene analysis

In the case of the ball and balloons example given previously, 
the visual scene (after optic enhancement), could be decomposed 
into objects according to the Gestalt principles (Wertheimer, 
1923), which dictate that objects in a visual scene are grouped 
based on their visual similarity and proximity, among other 
attributes. Figure 1 provides an example of such grouping 
mechanisms. The top portion presents two overlapping sentences; 
without the aid of any visual cues to separate the sentences into 
distinct streams, it is difficult to decipher the message conveyed 
by either sentence. In the bottom portion, introducing spatial 
and emphasis cues allows much easier parsing of the content of 
each sentence.

AI CSAITT STIOTOS

A
I
 C

S
A
I
T
T

 S
T

I
O

T
O

S

Figure 1. Example of two overlapping sentences without (top) and 
with (bottom) the aid of visual cues becoming A cat sits and I sit too (adapted 
from Bregman, 1990). 
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Similarly, in the cocktail party scenario described above, 
the auditory system analyzes the acoustic scene to draw relevant 
information about the various sound sources present in a process 
termed auditory scene analysis (Bregman, 1990). The acoustic 
scene consists of multiple streams of sounds that are spectrally, 
temporally, and spatially related. An object grouped in this 
manner forms an auditory perceptual stream (Remez, 2005). In 
the cocktail-party example above, the individual clinking sounds 
emitted from the plates and cutlery arise from the same location 
(the nearby table, for example) and share similar spectrotemporal 
features. The same holds for the speaker’s voice you are trying 
to attend to. The auditory system then attempts to group such 
similar sounds together into distinct streams by extracting 
potential cues from the signal, such as onset and offset cues, 
temporal modulations, frequency components arising from the 
spectral decomposition in the cochlea, and spatial location from 
interaural timing and level differences between the two ears (for 
a review on grouping cues, see Cooke and Ellis, 2001; Darwin 
and Carlyon, 1995). These cues are then represented in distinct 
auditory maps (Moore, 1987) that link place of stimulation 
along the cochlea to its neural representation along the more 
central auditory pathways, and can encode, for example, 
harmonic detection, temporal fine structure information, and 
pitch and timbre cues (Bregman, 1990; Cooke and Ellis, 2001). 
In addition, central auditory processing also utilizes prior 
auditory knowledge acquired through experience to draw further 
information about the nature of the sound source. In that sense, 
the auditory system utilizes onset and offset cues to group 
spectrally-overlapping sounds, such as competing speech, and 
utilizes spectral differences, such as pitch, to group temporally-
overlapping sounds (Bregman, 1990; Carlyon, 2004).

A special type of auditory scene is that in which multiple 
talkers are speaking simultaneously and is considered to be more 
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representative of cocktail-party environments (e.g., Assmann 
and Summerfield, 2004; Bronkhorst, 2000; Brungart, 2001; 
Duquesnoy, 1983; Festen, 1993; Festen and Plomp, 1990). Because 
the target (foreground) and masking (background) signals 
share similar spectrotemporal structure, in addition to possible 
linguistic content, a background speech masker is expected to 
yield both energetic and informational masking. Nevertheless, 
the NH auditory system has been shown to utilize amplitude 
dips in the fluctuations of the speech masker signal to glimpse 
portions of the target speech, thus effectively reducing the local 
signal-to-noise ratio at the locations of the dips in the masker 
signal. In fact, it has been shown in the literature that as the 
number of competing talkers increases, thereby diminishing the 
overall temporal fluctuations present in the masker, the masking 
effect increases for NH listeners (Miller, 1947). This conclusion 
was also strengthened by the observation that a single competing 
talker or amplitude modulated noise provide a weaker masking 
effect compared to steady-state (unmodulated) broadband noise 
(Carhart et al., 1969; Duquesnoy, 1983; Festen and Plomp, 1990; 
Gustafsson and Arlinger, 1994). In addition to these modulation 
cues, NH listeners also utilize voice differences, such as gender 
information (Bregman, 1990; Brungart, 2001; Stickney et al., 
2004) or pitch differences (e.g., Brokx and Nooteboom, 1982), 
between two competing talkers to selectively attend to the 
target speech. These voice cues can carry crucial information 
about the speaker, such as their physical characteristics and 
their emotional states (Kreiman et al., 2005).

In contrast, hearing-impaired (Bronkhorst and Plomp, 
1992; Carhart and Tillman, 1970; Duquesnoy, 1983; Festen and 
Plomp, 1990; Gustafsson and Arlinger, 1994; Hygge et al., 1992; 
Peters et al., 1998) and CI listeners appear to utilize neither 
such amplitude modulations in the masker, nor voice differences 
between competing talkers (Cullington and Zeng, 2008; Stickney 
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et al., 2004). In this dissertation, I focus on the study of voice 
cues that arise from the anatomical structures of the speech 
production system as follows.

2�2� Speech production

2.2.1. Source-filter theory of speech production
  Figure 2 (A) shows the anatomy of the speech production 

system. According to the source-filter theory of speech 
production (Chiba and Kajiyama, 1941; Fant, 1960), speech 
can be produced when the glottal pulses arising from the rapid 
opening and closing of the vocal folds (the source shown in green) 
are filtered by the vocal tract (shown in blue), which acts as an 
acoustic filter. Air pushed out by the lungs can be converted into 
a series of pulses as the speaker controls the rate of opening and 
closing of the vocal folds, producing a sound pressure wave at 
audible frequencies (Lieberman and Blumstein, 1988). The rate 
of these glottal pulses (the glottal pulse rate), which is dictated 
by the length, mass, and tension of the vocal folds, is responsible 
for eliciting the percept of voice pitch which is often referred 
to as the fundamental frequency (F0) of the speaker. Voiced 
speech produced as a result of these pulses contains frequency 
components at integer multiples of F0 called harmonics.

The glottal pulses are then filtered through the vocal tract 
of the speaker, including resonances from the nasal cavity, 
which together serve to amplify certain frequencies (the formant 
frequencies) and attenuate others. Changes in the formant 
frequencies dictate the linguistic content of the signal (e.g., 
vowels), and such changes can be elicited by the movement of 
the articulators (the lips and tongue) which influence the shape 
of the vocal tract, thus changing the filtering function. The vocal 
tract length (VTL), which is measured from the vocal folds to 
the opening of the lips, is associated with the physical (Fitch 
and Giedd, 1999; Patterson et al., 2008) and perceived size of 
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the speaker (Ives et al., 2005; Smith et al., 2005; see Patterson 
et al., 2008 for a review).
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Figure 2. Panel A: Sagittal view of the human speech production 
system, with the source (F0) and filter (VTL) shown in green and blue, 
respectively (adapted from Tavin, 2011). Panel B: The effect of changing F0 
and VTL on the speech signal. The top half represents the shape of the speech 
waveform for increasing F0 (going from a to b, and c to d) and for shortening 
the VTL of the speaker (from a to c and b to d). The bottom half shows the 
effect of increasing F0 and shortening VTL on the spectral envelope of the 
signal (adapted from Başkent et al., 2016).

2.2.2. Voice cues derived from the source-
filter theory

 Figure 2 (B) shows the representation of both F0 and VTL 
in the speech signal for the vowel /a/. The top half shows the 
waveform representation in the time domain, while the bottom 
half shows the representation of the signal in the spectral 
domain. The waveform representation shows the glottal pulses 
of the vowel: as F0 increases [going from left to right in Figure 
2 (B)], the glottal pulses occur more frequently, and thus the 
temporal spacing between each successive pulse decreases in 
the time-domain waveform. In the spectral domain, an increase 
in F0 yields wider spacing between the successive harmonics. 



10

Chapter I

Typically, children have higher F0s compared to adult females, 
and adult females have higher F0s compared to adult males 
(Peterson and Barney, 1952). Figure 3 shows a representation of 
the relative [F0, VTL] space for typical voices of male, female, and 
children speakers as derived from the data provided by Peterson 
and Barney (1952) relative to a reference female speaker with 
an average F0 of about 176 Hz and a VTL of roughly 14.4 cm. 
Differences in F0 and VTL are represented in semitones (a 12th 
of an octave, and abbreviated as st).
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Figure 3. Voice space for F0 and VTL differences between typical 
male, female, and children speakers relative to a reference female speaker 
provided at the origin of the plane (black cross). The ellipses denote differences 
across 99% of the population (data replotted from Peterson and Barney, 1952).

Shortening VTL results in a shrinking effect of the glottal 
pulse resonances in the time-domain waveform of the signal, 
however, the effect of VTL is more evident in the spectral 
representation. In the spectral representation, shortening VTL, 
which corresponds to moving from a taller individual (e.g., 
an adult) to a shorter individual (e.g., a child), leads to a 



11

Introduction

stretching effect of the spectral envelope of the signal towards 
higher frequencies along a linear frequency scale [going from 
panel e to panel g, and from f to h in Figure 2 (B)]. Elongating 
VTL would result in the opposite effect, in which the spectral 
envelope would be compressed towards lower frequencies again 
along a linear frequency scale. In general, children have shorter 
VTLs compared to adult females, who in turn, have shorter 
VTLs compared to adult males (Fitch and Giedd, 1999; Smith 
and Patterson, 2005). This effect has direct consequences on the 
formant frequency space defining vowel boundaries (Peterson 
and Barney, 1952; Turner et al., 2009). When VTL is shortened, 
the formant peaks in the spectrum are translated towards higher 
frequencies along a logarithmic frequency scale, thereby changing 
the individual value of each formant. Likewise, if VTL is elongated, 
the formant peaks in the spectral envelope would be translated 
towards lower frequencies along a logarithmic frequency scale. 
Nevertheless, the auditory system seems to identify a vowel (e.g., 
/a/) correctly whether it is spoken by a male, female, or child 
speaker, even though the individual formant values would be 
quite different. It appears that the auditory system utilizes prior 
linguistic knowledge regarding the overall vowel pattern rather 
than the individual formant locations themselves (for a review, 
see Johnson, 2005), much like it is able to identify a musical 
chord irrespective of its pitch position (Potter and Steinberg, 
1950). In addition, language largely influences the differences 
between the vowel formants across genders (Johnson, 2005). For 
example, differences in formant frequencies between male and 
female talkers are minimal in languages such as Danish, but 
are quite large in Russian. These data indicate that speaker 
differences cannot be predicted from anatomical differences of 
the vocal tract alone.

Nonetheless, while F0 and VTL cues are not the only 
characteristics for defining the voice of a speaker (Abercrombie, 
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1967; Johnson, 2005; Kreiman et al., 2005), in this dissertation, 
the focus is given primarily to these two cues because of their 
direct link with the human anatomy and because manipulations 
of these two cues were reported in the literature to influence the 
perceived gender of the speaker (Hillenbrand and Clark, 2009; 
Skuk and Schweinberger, 2014; Smith and Patterson, 2005). 
For example, the literature has shown that manipulating both 
F0 and VTL of a speaker’s voice using the speech processing 
software, STRAIGHT (Kawahara and Irino, 2005) influenced 
NH listeners’ perception of the age (child or adult) and size of 
the speaker (Smith et al., 2007; Smith and Patterson, 2005), in 
addition to the gender (Fuller et al., 2014; Meister et al., 2016; 
Smith and Patterson, 2005), and identity (Gaudrain et al., 2009) 
of the speaker. Moreover, the literature also provided evidence 
that manipulation of F0 (e.g., Başkent and Gaudrain, 2016; 
Brokx and Nooteboom, 1982; Darwin et al., 2003; Stickney et 
al., 2007; Vestergaard et al., 2009) and VTL cues (e.g., Başkent 
and Gaudrain, 2016; Darwin et al., 2003; Vestergaard et al., 
2009) aided NH listeners’ release from speech masking and 
improved segregation of the two competing talkers into separate 
streams. In the following section, speech transmission with CIs 
is described along with evidence from the literature regarding 
how CI users perceive F0 and VTL cues, and how these patterns 
of perception may be related to the CI signal processing.

2�3� Speech transmission with CIs

In NH [Figure 4 (A)], sound is collected by the pinna (outer 
ear), travels through the auditory canal, and stimulates the three 
ossicles in the middle ear, which together perform an impedance 
matching between the external medium conducting the sound 
waves (air) and the internal medium within the cochlea (fluid). 
The movement of the ossicles is translated into stimulation 
along the basilar membrane within the cochlea (inner ear) in a 
tonotopic fashion. Figure 4 (A) displays this tonotopic property 
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of the basilar membrane, such that each location along the 
basilar membrane is selectively responsive to a certain frequency 
region: the cochlear apex responds to low frequencies, while the 
cochlear base responds to higher frequencies. The movement 
along the basilar membrane at the specific tonotopic frequency 
then elicits neural stimulation of the auditory nerves. Thus, F0 
and VTL cues are expected to be encoded in the location of 
excitation along the basilar membrane.
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Figure 4. Panel A: Anatomy of the healthy ear, with cochlea 
demonstrated in an unrolled fashion (adapted from Munkong and Juang, 2008). 
Panel B: Individual components of a typical CI: 1) Microphone; 2) Battery 
compartment and signal processor; 3) Radio frequency (RF) transmitter; 4) 
RF receiver; 5) Pulse generator; 6) Connecting wires; 7) Electrode array; 8) 
Auditory nerve (adapted from Zeng et al., 2008).

In CI users, this transduction mechanism from a mechanical 
signal along the basilar membrane into a neural signal is impaired, 
and is thus accomplished artificially with the aid of the CI. 
Figure 4 (B) shows the components of a typical CI device. Sound 
is collected via the microphone and processed by the speech 
processor worn behind the ear. The speech processor digitizes 
the acoustic signal and transmits it as a radio frequency (RF) 
signal to the implanted components, which serve to decode the 
RF signal into a series of electrical pulses that are transmitted 
to the electrode array implanted within the cochlea (Zeng et al., 
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2008). Figure 5 shows the block diagram of a typical maxima-
selection sound coding strategy. The acoustic input is captured 
by the microphone, preprocessed, and then transmitted to a 
series of bandpass filters or fast-Fourier analysis block to 
quantize the audio signal into a series of frequency bands. The 
temporal envelope of each band is then extracted, and the n 
bands with the highest energy are selected. The envelopes from 
the selected bands are then used to modulate a series of pulse 
trains, which then stimulate the electrodes corresponding to the 
selected frequency bands.

Microphone

Pre-
amplifier

Bandpass 
filters

Envelope 
extraction

Maxima 
selection

Amplitude 
compression

Pulses

Current 
source Electrode 

array

×

×

×

V/I

V/I

V/I

Figure 5. Block diagram of CI processing pathway for a typical 
maxima-selection strategy (adapted from Zeng et al., 2008).

2.3.1. Spectrotemporal resolution in CIs
As mentioned in the preface, CI devices do not restore NH. 

In fact, because CI processing quantizes of the audible frequency 
range to stimulate a limited number of electrodes, in addition 
to disregarding the transmission of temporal fine structure and 
only focusing on the slowly-varying temporal envelope of speech, 
the spectrotemporal resolution in CI devices is expected to be 
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impaired (for a review on spectral resolution in CIs, see Başkent 
et al., 2016; Friesen et al., 2001; Fu et al., 1998; Henry and 
Turner, 2003; Winn et al., 2016). The literature has shown that 
CI users, on average, do not have more than 8 effective spectral 
channels (e.g., Friesen et al., 2001; Qin and Oxenham, 2003), 
even though the implanted electrode array is usually comprised 
of a larger number of physical electrodes [e.g., 22 electrodes in 
a Nucleus system (Cochlear Ltd., Sydney, Australia), and 16 
electrodes in a HiRes system (Advanced Bionics Corp., Stäfa, 
Switzerland)]. This is attributed to the side-effect of electrical 
stimulation inside the cochlea, which can induce cross-talk, 
more commonly referred to as channel-interaction, between 
neighboring electrodes (Boëx et al., 2003; De Balthasar et al., 
2003; Hanekom and Shannon, 1998; Shannon, 1983; Townshend 
and White, 1987). Moreover, the frequency partitioning 
boundaries in the bandpass filterbank are seldom optimally 
matched with their corresponding tonotopic locations along the 
basilar membrane (e.g., Başkent and Shannon, 2004), however, 
they are not customized in the clinic for each CI user individually 
(Fitzgerald et al., 2013; Landsberger et al., 2015; Tan et al., 
2017; Venail et al., 2015). 
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 Figure 6 shows the spectrograms for a sample Dutch 
sentence spoken by a female speaker. The left panel indicates the 
unprocessed version and demonstrates the fine spectrotemporal 
features present in the acoustic signal. The effect of CI processing 
on the signal can be investigated by processing the signal using 
a vocoder (Dudley, 1939). The use of such vocoder simulations 
of CI processing with NH listeners (Shannon et al., 1995, 1998) 
is a widely-used method in the literature to allow better control 
and manipulation of the spectral and temporal resolution in the 
output signal (e.g., El Boghdady et al., 2016; Fuller et al., 2014; 
Gaudrain and Başkent, 2015; Qin and Oxenham, 2003, 2005; 
Stickney et al., 2007). For example, in the middle and right 
panels of Figure 6, the effective number of spectral channels 
was manipulated to observe its effect on the signal. From 
these manipulations, CI processing appears to degrade the fine 
spectrotemporal features of the speech signal, which, in turn, 
is expected to affect voice cue transmission in CI devices. In 
fact, using such simulations with NH listeners has demonstrated 
that distortions introduced by CI processing could impair the 
perception of F0 and VTL cues. As an example of such studies, 
Gaudrain and Başkent (2015) demonstrated that decreasing the 
number of vocoder channels, simulating a smaller number of 
effective spectral channels, yielded a significant deterioration in 
the sensitivity to VTL cues but not F0. Fuller et al., (2014) also 
showed that vocoder simulations impaired NH listeners’ ability 
to utilize VLT cues to categorize the gender of the speaker. 
Furthermore, Stickney el al., (2007) also showed that degrading 
the spectral resolution of the signal using vocoder simulations 
hindered the benefit in target speech recognition from F0 
differences between masker and target speakers compared to the 
unvocoded condition.

2.3.2. Voice cue perception with CIs
When compared with NH listeners, who can discriminate 
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differences in F0 and VTL of at least 1.95 st and 1.73 st, 
respectively, CI users were shown to be less sensitive to such 
small differences in F0 and VTL, with average thresholds 
of about 9.19 st for F0 and 7.19 st for VTL (Gaudrain and 
Başkent, 2018). These thresholds indicate the smallest difference 
that can be detected between two stimuli differing in F0 or 
VTL, and thus, the smaller the threshold, the more sensitive 
the listener. Linked to this data is the finding that CI users 
demonstrate impaired gender judgements based on F0 and VTL 
cues compared to NH listeners (Fuller et al., 2014; Meister et al., 
2016). For example, Fuller et al., (2014) provided evidence that 
CI users only rely on F0 differences to judge the gender of the 
speaker, while NH listeners make use of both F0 and VTL cues 
together to perform the same task. 

As pertains to SoS perception, while NH listeners were 
shown to gain an increase in target speech intelligibility as the 
voice separation between target and masker speakers increased 
(Başkent and Gaudrain, 2016; Brokx and Nooteboom, 1982; 
Darwin et al., 2003; Drullman and Bronkhorst, 2004; Vestergaard 
et al., 2009), CI users were shown not to draw such benefit 
(e.g., Cullington and Zeng, 2008; Stickney et al., 2004, 2007). 
Together, these findings indicate that such a deficit in voice cue 
perception by CI users may be linked to the CI signal processing, 
and if so, could be addressed by optimizing the signal processing 
pathway. Thus, the aim of this dissertation is to investigate the 
links between such a deficit in voice cue perception and the 
underlying CI signal processing operations.

3. study Aims of this dissertAtion

The main aim of this dissertation is to assess the relationship 
between voice cue perception, SoS performance, and CI signal 
processing by addressing the following research questions, to 
each of which a separate chapter was dedicated:

1. Is sensitivity to F0 and VTL cues related to CI users’ 
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SoS performance?
2. If so, could that relationship be influenced by the 

amount of inherent channel interaction in the implant?
3. If channel interaction is found to influence the perception 

of such cues, can advanced signal processing techniques 
that enhance the spectral content of the signal help 
improve the perception of such cues?

4. In addition to optimizing the signal processing strategy, 
can a signal processing parameter like the frequency-to-
electrode quantization map improve the perception of 
such vocal cues, specifically VTL?

The research questions were addressed in the individual 
chapters as follows:

• In Chapter 2, the first research question was addressed 
by utilizing three measures of F0 and VTL perception. 
SoS intelligibility of the target speaker was measured 
both in NH and CI users as a function of the F0 and 
VTL difference between the two competing talkers. An 
additional SoS perception test was also used to assess 
overall sentence comprehension as a function of the F0 
and VTL difference between the two speakers. This 
SoS comprehension test was used in order to tap more 
closely to the CI users’ psychophysical function in case 
the first SoS task yielded performance close to floor 
levels. Additionally, this second SoS task allowed the 
capture of both comprehension accuracy and speed, 
which together could yield more information about 
the difficulty level of the task compared to accuracy 
measures alone. Finally, F0 and VTL just-noticeable-
differences (JNDs) were measured, which aim to 
quantify the participants’ sensitivity to differences 
along those two voice cues. The correlations between 
the performance on both SoS tasks and the JND task 
were investigated.

• In Chapter 3, the second research question was addressed 
by investigating the effect of channel interaction on SoS 
perception and the sensitivity to F0 and VTL differences 
using the same tests as in the previous chapter. Because 
simulated channel interaction was found to affect 
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the sensitivity to VTL cues (Gaudrain and Başkent, 
2015), the hypothesis was that it could also affect SoS 
perception and voice cue sensitivity in actual CI users. 
The channel interaction was implemented in actual 
CI systems by deploying three electrode stimulation 
techniques simulating low, medium, and high levels 
of channel interaction. This was done by stimulating 
one, two, and three simultaneous channels, respectively. 
The larger the number of simultaneously-stimulated 
channels, the larger the current spread and resulting 
channel interaction. The hypothesis was that increased 
channel interaction would be expected to negatively 
impact both SoS perception, in addition to voice cue 
sensitivity, especially those related to VTL.

• In Chapter 4, the third research question was addressed 
by investigating whether enhancing the spectral contrast 
of the signal using a spectral contrast enhancement 
strategy (SCE) could improve the sensitivity to 
voice cue differences and their relationship with SoS 
perception. This was also obtained using the same tests 
as in Chapter 2. The SCE strategy deployed in this 
chapter served to enhance the contrast between the 
peaks and troughs in the spectral envelope, thereby 
enhancing the resolution of individual formants.

• In Chapter 5, the fourth research question was 
addressed in which the effect of varying the frequency-
to-electrode allocation map on the sensitivity to VTL 
differences was investigated in vocoder simulations of 
CI processing. Because of the large space of possible 
setups for the frequency-to-electrode allocation map, 
vocoder simulations were deployed as a first step to 
better control the parameter settings before testing 
with actual CI users.

• Finally, in Chapter 6, an overarching discussion is 
presented of the findings of this dissertation.
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AbstrAct

Differences in voice pitch (F0) and vocal tract length (VTL) 
improve intelligibility of speech masked by a background talker 
(speech-on-speech; SoS) for normal hearing listeners (NH). 
Cochlear implant (CI) users, who are less sensitive to these two 
voice cues compared to NH listeners, experience difficulties in SoS 
perception. Three research questions were addressed: 1) whether 
increasing the F0 and VTL difference (∆F0; ∆VTL) between 
two competing talkers benefits CI users in SoS intelligibility and 
comprehension, 2) whether this benefit is related to their F0 and 
VTL sensitivity, and 3) whether their overall SoS intelligibility 
and comprehension are related to their F0 and VTL sensitivity. 
Results showed: 1) CI users did not benefit in SoS perception 
from increasing ∆F0 and ∆VTL; increasing ∆VTL had a slightly 
detrimental effect on SoS intelligibility and comprehension. 
Results also showed: 2) the effect from increasing ∆F0 on SoS 
intelligibility was correlated with F0 sensitivity, while the effect 
from increasing ∆VTL on SoS comprehension was correlated 
with VTL sensitivity. Finally, 3) the sensitivity to both F0 and 
VTL, and not only one of them, was found to be correlated 
with overall SoS performance, elucidating important aspects of 
voice perception that should be optimized through future coding 
strategies.

Keywords:  speech-on-speech perception; voice; pitch; vocal tract length; 
cochlear implant
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1. introduction

Cochlear implant (CI) users have more difficulties 
understanding speech in multi-talker settings compared to 
normal hearing (NH) listeners (e.g., Cullington and Zeng, 2008; 
Stickney et al., 2004, 2007), yet the relationship between this 
difficulty and voice cue perception remains relatively unknown. 
In normal hearing, for such speech-on-speech (SoS) perception, 
the voice cues related to the target (foreground) and masker 
(interfering) speakers seem to play an important role. This was 
demonstrated by higher SoS intelligibility when the voices of 
each of the target and masker belonged to different speakers, 
especially if they were of the opposite gender1 (Brungart, 2001; 
Brungart et al., 2009; Festen and Plomp, 1990; Stickney et al., 
2004).

Among many voice characteristics that help define/identify 
a voice (Abercrombie, 1967) and that can be used for a benefit 
in SoS perception, two fundamental voice characteristics seem to 
be most important. The first voice characteristic is the speaker’s 
fundamental frequency (F0), which gives cues to the voice pitch. 
The second voice characteristic is the speaker’s vocal tract length 
(VTL), which is associated with the physical (Fitch and Giedd, 
1999) and perceived size of a speaker (Ives et al., 2005; Smith et 
al., 2005). F0 cues are represented in both the temporal envelope 
of the signal and the corresponding place of stimulation along 
the cochlea (e.g. Carlyon and Shackleton, 1994; Licklider, 1954; 
Oxenham, 2008), while VTL cues are mainly encoded in the 

1  The term ‘gender’, as used in the context of this study, denotes 
the classical categorization of a speaker’s voice as belonging to either a 
cisgender male or to a cisgender female [a person whose perceived gender 
identity corresponds to their assigned sex at birth (American Psychological 
Association, 2015)].
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relationship between the formant peaks in the spectral envelope 
of the signal (Chiba and Kajiyama, 1941; Fant, 1960; Lieberman 
and Blumstein, 1988; Müller, 1848; Stevens and House, 1955). 
Because the representation of F0 in the speech signal is different 
from that of VTL, their perceptual effects can also be expected 
to differ.

F0 and VTL cues have been found to contribute to talker 
gender categorization in NH listeners (Fuller et al., 2014; 
Hillenbrand and Clark, 2009; Meister et al., 2016; Skuk and 
Schweinberger, 2014; Smith et al., 2007; Smith and Patterson, 
2005). Moreover, when differences in either of these two voice 
cues are introduced between target and masker speakers in SoS 
tasks, NH listeners demonstrate an increase in target sentence 
identification scores, supporting the importance of these voice 
cues in SoS perception (e.g., Başkent and Gaudrain, 2016; 
Brokx and Nooteboom, 1982; Darwin et al., 2003; Drullman and 
Bronkhorst, 2004; Vestergaard et al., 2009).

Speech delivered via electric stimulation of a CI is inherently 
degraded in spectrotemporal resolution (for a review, see 
Başkent et al., 2016), which is expected to affect the perception 
of F0 and VTL differences and, correspondingly, their effective 
benefit in SoS perception. Directly supporting this idea, previous 
literature has shown that when stimuli were sufficiently degraded 
using acoustic vocoder simulations of CI processing, NH 
listeners became less sensitive to both F0 and VTL differences, 
compared to listening in the non-vocoded condition (Gaudrain 
and Başkent, 2015). In line with these findings, NH listeners 
exposed to vocoded SoS were also shown to benefit differently 
from voice cue differences between target and masker speakers, 
depending on the type of vocoder used. For example, sinewave 
vocoders, which were shown to partially preserve some of the 
spectrotemporal aspects of F0 cues (Gaudrain and Başkent, 
2015), were also shown to preserve some benefit from talker 
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differences between target and masker speakers (Cullington 
and Zeng, 2008). In contrast, noise-band vocoders, which do 
not preserve such voice cues (Gaudrain and Başkent, 2015), 
were also shown to contribute to the overall lack of benefit from 
either natural (Qin and Oxenham, 2003; Stickney et al., 2004) 
or synthesized (Qin and Oxenham, 2005; Stickney et al., 2007) 
voice cue differences between target and masker speakers.

Similar to what has been observed in the aforementioned 
vocoder studies, CI users, when compared to NH listeners, were 
also shown to not only have reduced sensitivity to F0 and VTL 
differences (Gaudrain and Başkent, 2018; Zaltz et al., 2018), 
but also impaired gender judgements based on these two cues 
(Fuller et al., 2014; Meister et al., 2016). Mixed results have 
been reported in CI users when voice cue differences were 
increased between target and masker speakers in SoS tasks 
(Cullington and Zeng, 2008; Pyschny et al., 2011; Stickney et 
al., 2004, 2007). On the one hand, Cullington and Zeng (2008), 
who measured SoS intelligibility in a group of CI participants, 
reported a benefit in SoS intelligibility from changing the gender 
of the masker relative to that of the target. Similar findings for 
bimodal CI users listening with only their CI activated were also 
reported by Pyschny et al. (2011), who observed a benefit in SoS 
intelligibility as a function of increasing the masker’s F0 relative 
to that of the target speaker. On the other hand, Stickney et 
al. reported no such benefit for CI users, either as a function of 
changing the gender of the masker relative to that of the target 
speaker (2004) or of only changing the masker’s F0 relative to 
that of the target (2007). One potential explanation for this 
discrepancy between studies may come from the differences 
in the CI samples tested. For example, Cullington and Zeng 
(2008) attributed the difference between their results and those 
of Stickney et al. (2004, 2007) to the slightly better performance 
of their CI participants in noise compared to that of the CI users 
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recruited in either of the studies by Stickney et al. Moreover, 
the 12 CI participants tested by Pyschny et al. were all bimodal 
users, 8 of which had some useable residual acoustic hearing, 
since their unaided thresholds were better than 90 dB hearing 
level (HL). Thus, it is possible that the benefit reported by 
Pyschny et al. is partly due to the participants’ residual acoustic 
hearing, rather than the CI processing per se.

However, in contrast to this reported benefit from F0 
differences between target and masker, the same data from 
Pyschny et al. (2011) revealed a decrement in SoS intelligibility 
as a function of shortening the VTL of the masker relative to 
that of the target, both for the CI-only and bimodal conditions. 
These findings support the notion that the effects of F0 and 
VTL cues in SoS tasks may indeed be substantially different.

Nonetheless, Pyschny et al. had no NH control participants 
in their study and applied rather small VTL differences between 
target and masker speakers that are well below most CI users’ 
typical VTL detection thresholds (Gaudrain and Başkent, 2018). 
Thus, the question remains whether Pyschny et al.’s specific VTL 
manipulations were expected to yield a benefit for NH listeners 
as well and whether CI listeners would gain an improvement in 
SoS intelligibility for larger VTL differences that encompass CI 
users’ typical VTL detection thresholds.

CI users’ typical F0 and VTL detection thresholds are 
around 9.19 semitones (st; a 12th of an octave) and 7.19 st, 
respectively (Gaudrain and Başkent, 2018). Based on the 
Peterson and Barney data (1952), on the one hand, the maximum 
voice difference between a typical female and typical male is 
around 12 st for F0 and around 3.8 st for VTL. This means 
that while some CI users may be able to detect F0 differences 
between females and males, most of them might not be able 
to detect VTL differences. On the other hand, the maximum 
voice difference between a typical female and typical child is 
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approximately 15 st for F0 and about 8.3 st for VTL, which 
means that, in principle, most CI users should be able to detect 
both F0 and VTL differences between females’ and children’s 
voices if these differences are large enough.

This study investigated the question of whether SoS 
perception is related to voice cue sensitivity in CI users. The 
hypothesis was that CI users’ deficits in SoS intelligibility could 
relate to their reduced sensitivity in vocal cue perception. Three 
research questions were posed to test for the presence of this 
relationship. 

The first question, addressed by experiments 1 and 2, was 
whether CI users would benefit from F0 and VTL differences 
(∆F0; ∆VTL) between target and masker speakers in SoS 
perception, in a similar manner to NH listeners. SoS performance 
was measured for both NH and CI listeners as a function of 
systematically increasing ∆F0 and ∆VTL between target and 
masker speakers. The target and masker sentences were taken 
initially from the same speaker to overcome differences in 
speaking styles that may emerge from having different speakers 
[such as the speaking-rate difference mentioned by Cullington 
and Zeng, (2008)]. The range for F0 and VTL differences was 
chosen to encompass CI users’ typical sensitivity thresholds 
reported in the literature (Gaudrain and Başkent, 2018; Zaltz et 
al., 2018). This range was chosen to ensure that the F0 and VTL 
differences introduced between target and masker voices would 
be detected by the CI users tested. Experiments 1 and 2 differed 
in speech materials and the specific task administered. This was 
carried out in an attempt to provide tasks that measure different 
aspects of speech perception, which may also potentially differ 
in task difficulty, and hence improve the dynamic range of 
performance for observing effects in both groups. In experiment 
1, SoS intelligibility was measured for NH and CI users in a 
manner similar to previous literature (Pyschny et al., 2011; 
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Stickney et al., 2004, 2007). Participants were asked to repeat 
all of the words in the target sentence presented simultaneously 
with a single competing masker, and the intelligibility score was 
determined based on the number of words correctly repeated. 
In experiment 2, an alternative speech test was used, namely 
a sentence verification task (SVT), that measures overall 
sentence comprehension (Adank and Janse, 2009; Baddeley et 
al., 1992; May et al., 2001; Pisoni et al., 1987; Saxton et al., 
2001). In this task, participants were asked to judge whether 
the target sentence statement, presented simultaneously with a 
single competing masker, was true or false, without repeating 
the actual sentence, and both target sentence comprehension 
accuracy and speed (response times; RTs) were measured (e.g. 
as was done by Adank and Janse, 2009).

The second research question, addressed in experiment 
3, was whether the effect of increasing F0 and VTL between 
target and masker on SoS perception (experiments 1 and 2) 
would correlate with CI users’ sensitivity to F0 and VTL cues 
as measured by just-noticeable-difference (JND) measures. More 
specifically, participants with lower JNDs (i.e., more sensitive to 
F0 and VTL differences) would be more likely to benefit from 
F0 and VTL differences in SoS scenarios.

The final research question, also addressed in experiment 3, 
was whether the average overall SoS performance per participant 
across all voice conditions from experiments 1 and 2 would 
correlate with their F0 and VTL JNDs. The hypothesis was that 
higher sensitivity to F0 and VTL differences would correlate 
with higher SoS overall performance.

2. generAl methods

2�1� Participants

All NH and CI participants were native Dutch or 
Frisian speakers who used Dutch as the primary language of 
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communication, and who had no reported health problems, such 
as dyslexia or attention deficit hyperactivity disorder. 

2.1.1. Normal-hearing listeners
NH control participants were recruited from the student 

body of the University of Groningen. Eighteen NH listeners (5 
males), aged 19 to 27 years (μ = 22.67 years, σ = 2.03 years), 
participated in experiments 1 and 2 only. NH participants had 
pure tone thresholds less than or equal to 20 dB HL at octave 
frequencies between 250 Hz and 8 kHz on either ear.  

2.1.2. Cochlear implant listeners
Participants with CIs were recruited both from the clinical 

database at the University Medical Center Groningen and 
from the general public. This was done to ensure a better 
representation of the general CI population, with a relatively 
large number of participants.

Participants were recruited based on their post-operative 
clinical speech perception scores in quiet, measured as the 
percentage of correctly repeated phonemes embedded in 
meaningful consonant-vowel-consonant (CVC) Dutch words 
from the Nederlandse Vereniging voor Audiologie (NVA) corpus 
(Bosman and Smoorenburg, 1995). The participants were 
selected to have a minimum NVA score of 40% (see Table 1) to 
ensure that they could perform the experiments. In addition, 
a wide range of NVA scores was included to both have a more 
representative sample of CI participants and to have enough 
variability to test the correlation between the voice cue JNDs 
and SoS perception. Initially, the recruitment criteria included 
a minimum duration of device use of one year to ensure that 
the implantation outcome had mostly stabilized. However, this 
constraint was relaxed for participants with NVA scores that 
were higher than 60% to recruit a relatively larger number of CI 
participants. Recruitment was restricted to participants with no 
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residual acoustic hearing (no electro-acoustic stimulation) in the 
implanted ear.

Table 1. Demographic information for CI users. All durations, in 
years, are calculated based on the date of testing. Y: Yes; N: No; L: Left ear; 
R: Right ear. The column ‘Bimodal user’ indicates whether the participant 
was a bimodal user, and on which ear the hearing aid was. See text for details 
about the NVA scores. The dynamic range is only provided for Cochlear users 
as the T-levels are not routinely measured during fitting sessions of Advanced 
Bionics (AB, Stäfa, Switzerland) devices. The dynamic range was computed 
as the mean across all channels of the difference between C-levels and T-levels 
in Current Level units.
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2�2� Voice cue manipulations

F0 and VTL were manipulated relative to the original voice 
in each corpus (one corpus per experiment) using STRAIGHT 
(Kawahara and Irino, 2005). In SoS perception, to prevent 
the voice manipulation from affecting intelligibility per se, the 
resynthesized voice was always designated as the masker.

In STRAIGHT, F0 differences are expressed as a shift 
in the overall pitch contour by a number of semitones with 
respect to the average F0 of the stimulus. This method helps 
preserve the fluctuations in the pitch contour of the signal, thus 
making the synthesized speaker sound more natural (e.g., as was 
done by Stickney et al., 2007). VTL differences are expressed 
in STRAIGHT as a compression/stretching in the spectral 
envelope (formant peaks) of the signal along a linear frequency 
axis. Shortening VTL results in stretching the spectral envelope 
towards higher frequencies while elongating VTL results in 
spectral envelope compression towards lower frequencies.

Figure 1 shows the [∆F0, ∆VTL] plane for voice differences 
relative to the voice of the reference female speaker in 
experiment 1, shown at the origin of the plane. The dashed 
ellipses indicate the ranges of relative F0 and VTL differences 
between the reference female voice and 99% of the population 
based on data from Peterson and Barney (1952). The data from 
Peterson and Barney were normalized to the average F0 (about 
176 Hz) and estimated VTL (about 14.4 cm) of the reference 
female speaker. The reference VTL was estimated following the 
method of  Ives et al. (2005), assuming a height of about 170 
cm for an average adult Dutch female based on growth curves 
for the Dutch population (Schönbeck, 2010). ∆VTL is oriented 
upside down to reflect the fact that negative ∆VTLs translate 
to an increase in the frequency of the components of the 
spectral envelope. The red crosses indicate all combinations of 
F0 and VTL manipulations applied in this study relative to the 
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reference female voice. A broad span of F0 and VTL differences 
was chosen to encompass the mean F0 and VTL sensitivity 
thresholds of 9.19 st and 7.19 st, respectively, reported in the 
literature for CI users (Gaudrain and Başkent, 2018). Stimuli for 
all three experiments were sampled at 44.1 kHz, processed, and 
presented using a custom-built program in MATLAB R2014b 
(The MathWorks, Natick, MA).
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Figure 1. [∆F0, ∆VTL] plane. The reference female speaker is at 
the origin of the plane, as indicated by the solid circle. Decreasing F0 and 
elongating VTL yields deeper-sounding male-like voices, while increasing F0 
and shortening VTL yields child-like voices. Dashed ellipses, derived from the 
Peterson and Barney data (1952), indicate the ranges of typical F0 and VTL 
differences between the reference female speaker from experiment 1 and 99% 
of the population. The Peterson and Barney data were normalized to the 
reference female speaker in experiment 1. The red crosses indicate the 16 
different combinations (experimental conditions) of ∆F0 and ∆VTL used in 
both experiments 1 and 2.
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2�3� Procedure

All experiments were completed in two sessions of two hours 
each (including breaks) for CI participants, and in a single session 
of 2.5 hours or less (including breaks) for NH participants. For 
the CI group, experiment 3 was usually carried out in the first 
session, while experiments 1 and 2 were completed in the second 
session. For all experiments, a short training block was provided 
with feedback to familiarize the participants with the testing 
procedures.

Bimodal CI users were asked to take off their hearing aids 
(HA) during the experiments, and the ear with the HA was 
plugged. Bilateral users were asked to keep the CI on their better 
ear and remove the contralateral one. Audiometric measurements 
without the HA (with ear plugged) and with all CIs removed 
revealed no residual acoustic hearing (all thresholds were greater 
than 90 dB HL) for frequencies up to 8 kHz.

All participants were given both oral and written instructions 
that appeared on an interactive touch-screen placed in front 
of the participant. Participants responded by either tapping a 
response button on the touch-screen (experiments 2 & 3) or by 
responding verbally (experiment 1).

2�4� Apparatus

All experiments were conducted in a soundproof anechoic 
chamber. The processed stimuli were presented via an AudioFire4 
soundcard (Echo Digital Audio Corp, Santa Barbara, CA) 
connected through Sony/Philips Digital Interface (S/PDIF) to a 
DA10 D/A converter (Lavry Engineering, Poulsbo, WA) and a 
Tannoy loudspeaker (Tannoy Precision 8D; Tannoy Ltd., North 
Lanarkshire, UK), placed 1 m away from the participant.
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3. ExpErimEnt 1: thE EffEct of ∆f0 and 
∆VtL on SpEEch-on-SpEEch intELLigibiLity

3�1� Rationale

This experiment, along with experiment 2, was designed 
to answer the first research question posed in this study, which 
is whether CI users, similar to NH listeners, could benefit from 
increasing ∆F0 and ∆VTL between target and masker voices in 
a SoS sentence intelligibility task. SoS intelligibility scores were 
measured as a function of systematically increasing ∆F0 and 
∆VTL between the target and masker speakers.

3�2� Methods

3.2.1.  Stimuli
Stimuli were taken from the corpus of Dutch sentences 

(e.g., “Buiten is het donker en koud” [Outside it is dark and 
cold]) created by Versfeld et al. (2000). Versfeld et al. collected 
sentences from large databases, such as Dutch newspapers, 
following the procedures highlighted by Plomp and Mimpen 
(1979). From this initial collection of sentences, Versfeld et 
al. selected those that had neutral semantic content and were 
syntactically and grammatically correct. The final selection of 
sentences was divided into 39 lists of 13 phonemically balanced 
sentences. In this experiment, all sentences were chosen from the 
female speaker in the corpus who had an average F0 of 176 Hz. 

Target sentences were taken from lists 1-12 and 15-18 (for 
a total of 16 lists; one list per condition), and training sentences 
were taken from list 14. List 13 contained repetitions from list 
21 (Clarke et al., 2014), while list 39 did not match the average 
frequency distribution of phonemes in Dutch (Versfeld et al., 
2000). Hence, these three lists were used for constructing the 
masker.

All sentences in the corpus designated for use as maskers 
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were first processed offline using STRAIGHT with all sixteen 
combinations (experimental conditions) of F0 and VTL 
differences, as shown in Figure 1. For the condition ∆F0 = 0 and 
∆VTL = 0, the masker was still processed with STRAIGHT, 
with no change in F0 or VTL introduced. The target speaker 
was always kept as the original female in the corpus and not 
processed with STRAIGHT, and all target sentences were 
equalized in intensity to the same root-mean-square (RMS) 
value. 

In each trial, the masking sentence sequence was designed 
to start 500 ms before the onset of the target sentence and 
end 250 ms after the offset of the target. The masking sentence 
sequence was built by randomly choosing 1-second-long segments 
from the STRAIGHT-processed masker sentences with the given 
∆F0 and ∆VTL combination associated with the given trial. A 
raised cosine ramp of 2 ms was applied both to the beginning 
and end of each segment. All segments were then concatenated, 
and the masker was trimmed to an appropriate duration. This 
procedure yielded maskers that were partly intelligible but were 
not grammatically or semantically meaningful as a sentence. 
Finally, 50-ms raised cosine ramps were applied both to the 
beginning and end of the entire masker sequence.

The target speech was calibrated to 65 dB sound pressure 
level (SPL). The RMS of the entire masker sequence was adjusted 
to achieve the target-to-masker ratio (TMR) of +8 dB for CI 
and -8 dB for NH groups. The TMR values for both groups were 
chosen to obtain a performance between 40%-60% based on pilot 
data collected for this experiment at various TMRs. To help the 
participants familiarize themselves quickly with the task, the 
TMR used for the training block was 4 dB higher than the one 
used during actual testing (i.e., set at +12 dB for the CI group 
and -4 dB for the NH group).
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3.2.2. Procedure
This task aimed to measure speech intelligibility of the 

target sentence. Participants were always presented with a single 
target-masker combination in a given trial and were asked to 
focus on the target sentence which started 500 ms after the 
masker. They were asked to repeat anything they heard, even if 
they thought it made no sense or if what they heard was only a 
single word or part of a word. 

Participants were given a short training block consisting 
of 12 sentences randomly selected from the 13 available in the 
training list. Six of these sentences were presented first in quiet to 
familiarize the participants with the target female speaker, then 
the remaining six were presented with a competing masker to 
familiarize participants with the actual experimental procedure. 
The [ΔF0, ΔVTL] values for this competing talker were both 
set to [+8 st, -8 st]. This combination was not present during 
actual testing so as not to bias the experimental results but was 
sufficiently large for most CI participants to be able to detect the 
voice difference between the target and masker. During training 
(in quiet and in noise), both auditory and visual feedback were 
given after the participant’s response, such that the correct target 
sentence was shown on the screen while the entire stimulus was 
played a second time through the loudspeaker.

The actual test was comprised of a total of 208 trials (13 
sentences per list × 16 conditions). All 208 stimuli were generated 
offline before the experiment began and were presented in a 
pseudo-randomized order to each participant. No feedback was 
given during actual testing: participants only heard the stimulus 
once, gave their verbal response, and were not shown the correct 
target sentence on the screen. 

The verbal responses were scored online on a word-by-
word basis using a graphical user interface (GUI) implemented 
in Matlab. For each correctly-repeated word, the experimenter 
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would click its corresponding button on the scoring GUI, which 
was not seen by the participant. A similar GUI was also developed 
and used for offline scoring of the responses. Online scoring was 
performed during data collection by a native Dutch-speaking 
student assistant to minimize potential misinterpretation of the 
CI users’ articulation. In addition, the vocal responses from the 
participants were recorded and offline scoring was performed 
after data collection to double-check that no word was incorrectly 
scored during the online scoring.

A response word was considered correct even if some minor 
confusions were made, such as confusing different forms of the 
same personal pronoun (e.g., saying “zij” instead of “ze” [she], or 
“wij” instead of “we” [we]), confusing the words “this” and “that”, 
“shall” and “should”, “can” and “could”, using the diminutive 
form (e.g., saying “hondje” instead of “hond” [puppy vs. dog]), 
or repeating the words in a different order than the one in the 
target sentence. Repeating additional words that were not in the 
target was not penalized.

A response word was considered incorrect if part of the 
word was repeated instead of the full word (e.g., saying “kast” 
instead of “koelkast” [cupboard vs. fridge]), an extra addition was 
made to the word (e.g., saying “zeiltocht” when the actual word 
was “tocht” [sailing trip vs. trip]), tenses were confused (e.g., past 
and present), singular and plural were confused, or pronouns 
were confused (e.g., saying ‘she’ instead of ‘he’). Responses were 
not checked as to whether they matched some of the masking 
words.

A total of four scheduled breaks were programmed into the 
experiment script, however, participants were told to request 
additional breaks whenever they needed, and the experimenter 
could also decide on a break if she felt that a participant was 
becoming tired. The entire experiment (training, test, and 
breaks) was completed within 1.5 hours.
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3.2.3. Apparatus
Participants’ verbal responses were recorded for offline 

analyses using a RØDE NT1-A microphone mounted on a RØDE 
SM6 with pop-shield (RØDE Microphones LLC, Silverwater, 
Australia). The microphone was connected to a PreSonus 
TubePre v2 amplifier (PreSonus Audio Electronics, Inc., Baton 
Rouge, LA), which was connected to the Apple Mac computer 
(Apple Inc., Cupertino, CA) running MATLAB R2014b via an 
AudioFire soundcard (Echo Digital Audio Corp, Santa Barbara, 
CA). The recording started automatically with the onset of the 
stimulus via the experiment script in MATLAB. All recordings 
were stored as free lossless audio codec (FLAC) files with a 
sampling rate of 44.1 kHz.

3.2.4. Statistical analyses
All data in this study were analyzed using R (version 3.3.3, 

R Foundation for Statistical Computing, Vienna, Austria, R 
Core Team, 2017), and linear modeling was done using the lme4 
package (version 1.1-15, Bates et al., 2015). 

To quantify the effect of each of the F0 and VTL differences 
on the SoS intelligibility score, a generalized linear mixed-effects 
model (GLMM), with a logit link function, was fitted to the 
binary per-word score using the following equation in lme4 
syntax:

 score ~ f0*vtl*group + (1+f0*vtl | participant) (1)
The fixed effect term f0*vtl*group indicates the full factorial 

model including each main effect and all interactions. The terms 
f0 and vtl are the normalized versions of ∆F0 and ∆VTL, 
respectively, and are defined by f0 = ∆F0/12 and vtl = ∆VTL/12. 
The term group refers to the participant group: NH or CI. The 
term (1+f0*vtl | participant) defines a random intercept and 
slope per participant for each of f0, vtl and the interaction term, 
making the model comparable to a repeated-measures analysis 
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of variance (ANOVA). The GLMM described by Equation 1 
was used to look at the overall effect of group, and whether 
∆F0 and ∆VTL had significantly different effects per group. The 
coefficients for each factor of the model, its associated Wald’s 
z-value, and its corresponding p-value are reported.

The following GLMM was fitted to determine the effect 
of ∆F0 and ∆VTL on SoS intelligibility scores for each group 
separately:

  score ~ f0*vtl + (1+f0*vtl | participant) (2)
This is the same as the model in Equation 1, but without 

the group effect. The random slopes represent the respective 
weights of f0 and vtl per participant for this task, expressed in 
the logistic regression function as:

  logit(score) = a·f0+b·vtl+c·(f0 × vtl) +d (3)
In Equation 3, a is the participant-specific slope (weight) for 

f0, b is the participant-specific slope for vtl, c is the participant-
specific slope for the interaction term f0 × vtl, and d is the 
intercept per participant.

3�3� Results

Figure 2 shows the average SoS intelligibility scores per group 
for each condition of ∆F0 and ∆VTL. The SoS intelligibility score, 
in percent, is defined as the number of correctly repeated words 
divided by the total number of words in all target sentences 
presented per condition.

The data show that for the NH group, SoS intelligibility 
increased as a function of increasing the voice cue difference 
(∆F0, ∆VTL, or both) between the target and masker speakers. 
In contrast, the CI group showed no benefit in SoS intelligibility 
from increasing ∆F0, in addition to a slight decrement in SoS 
intelligibility as a function of increasing ∆VTL.
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Figure 2.    SoS percent-correct intelligibility scores averaged per 
group for each condition of ∆F0 and ∆VTL. Dark squares with solid lines 
represent the NH data, while light circles with dashed lines represent the CI 
data. Error bars represent one standard error from the mean. Top row: SoS 
intelligibility scores plotted as a function of increasing ∆F0 between target and 
masker speakers for each value of ∆VTL, as indicated by the individual panels. 
Bottom row: SoS intelligibility scores plotted as a function of increasing ∆VTL 
for each value of ∆F0, as indicated by the individual panels.
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3.3.1. Between-group effects
Between-group effects were analyzed first to confirm 

whether the starting SoS intelligibility level for both participant 
groups under the baseline condition [∆F0 = 0, ∆VTL = 0] was 
comparable. The coefficients obtained from the logistic regression 
(provided in Table 2) revealed no effect of group for this baseline 
condition where the target and masker voices belonged to the 
same speaker. This confirms that the TMR chosen for each group 
from pilot data did succeed in equating the baseline performance 
of the two groups.

The logistic regression model also revealed a significant 
effect of both ∆F0 and ∆VTL on SoS intelligibility. However, 
the type of this effect (benefit or decrement in intelligibility) 
was different for each group, as indicated by the significant 
interaction between ∆F0 (∆VTL) and participant group. Finally, 
different combinations of ∆F0 and ∆VTL did not lead to the 
same degree of benefit in SoS intelligibility across groups, as 
indicated by the significant interaction between group, ∆F0, 
and ∆VTL.

3.3.2. Normal-hearing listeners
The effects of ∆F0 and ∆VTL on SoS intelligibility were 

analyzed separately for each group. For the NH listeners, 
the logistic regression model revealed that SoS intelligibility 
improved by 0.17 Berkson2 (Bk) per semitone increase in ∆F0 

2  Berkson (Bk) is a dimensionless unit named after Joseph Berkson 
(1899-1982) who popularised the use of log odds-ratios, where the odds-ratio 
is the ratio of correct to incorrect responses in logistic regression. The Berkson 
unit, defined as log2(odds-ratio), serves to linearize the logistic scale such that 
a constant change along the Bk scale corresponds to a constant change on 
the decibel scale (see for e.g., Hilkhuysen et al., 2012 for a description). An 
increase by 1 Bk unit is equivalent to a doubling of the number of correct 
responses when the number of incorrect responses is fixed, while an increase 
in the raw log(odds-ratio) by 1 results in an increase in the odds-ratio by a 
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and by 0.21 Bk per semitone increase in ∆VTL. The size of the 
benefit in SoS intelligibility from increasing ∆F0 was found to 
depend on the value of ∆VTL, as indicated by the significant 
interaction between ∆F0 and ∆VTL. This effect can be seen in 
the top panel of Figure 2, such that for certain values of ∆VTL, 
NH participants were likely to gain larger improvements in SoS 
intelligibility from increasing ∆F0.

Table 2. Coefficients obtained from the logistic regression (Equation 
3) with the normalized variables f0 and vtl. 𝛽 represents the estimated value of 
the coefficient, SE represents the standard error of that estimate, 𝑧 is the Wald 
z-statistic, and 𝑝 represents its corresponding p-value. Significance codes: p < 
0.05 ‘*’; p < 0.01 ‘**’; p < 0.001 ‘***’. 

FIXED EFFECT

COEFFICIENT  
OVERALL EFFECT 

OF GROUP  
NH GROUP  CI GROUP 

Intercept � = -0.20, SE = 0.34,  

� = -0.58, � = 0.56   

� = -0.20, SE = 0.23, 

� = -0.86, � = 0.39     

� = -0.63, SE = 0.46,  

� = -1.35, � = 0.18  

f0 � = 1.44, SE = 0.17,  

� = 8.58, � < 0.001*** 

� = 1.44, SE = 0.16,  

� = 8.86, � < 0.001*** 

� = -0.61, SE = 0.20,  

� = -3.00, � = 0.003**  

vtl � = 1.76, SE = 0.17, 

� = 10.24, � < 0.001*** 

� = 1.75, SE = 0.15,  

� =11.56, � < 0.001*** 

� = -1.02, SE = 0.23,  

� = -4.50, � < 0.001*** 

group � = -0.44, SE = 0.50, 

� = -0.87, � = 0.38 

- - 

f0×vtl � = -0.48, SE = 0.22, 

� = -2.13, � = 0.03*  

� = -0.48, SE = 0.19,  

� = -2.51, � = 0.012* 

� = 1.22, SE = 0.31,  

� = 3.98, � < 0.001*** 

f0×group � = -2.05, SE = 0.26, 

� = -7.93, � < 0.001*** 

- - 

vtl×group � = -2.73, SE = 0.27, 

� = -10.26, � < 0.001*** 

- - 

f0×vtl×group � = 1.68, SE = 0.35, 

� = 4.82, � < 0.001*** 

- - 

The participant-specific slopes (weights), which are the 
subject-specific mixed-effects deviation from the fixed group 
estimate for the normalized coefficients f0 and vtl, are provided 
in Table 3. Notice that the slopes for f0 and vtl are positive for 

factor of 2.7183, which is less intuitive. Thus, to convert the log(odds-ratio) to 
units of Bk [log2(odds-ratio)], the log(odds-ratio) needs to be divided by log(2). 
The benefit in Bk reported here was calculated by converting the normalized 
coefficients for each variable back into units of semitones and dividing that 
quantity by log(2).
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all NH participants, indicating that SoS intelligibility improved 
as a function of increasing ∆F0 and ∆VTL between target and 
masker.

Table 3. Subject-specific weights (subject-specific mixed-effects 
deviation from the fixed group estimate) for the normalized terms f0, vtl, 
and the interaction effect. Here, f0, vtl, and the interaction term refer to the 
coefficients a, b, and c, respectively, in the logistic regression function, while 
the Intercept refers to d. 

NH CI 

Participant Intercept f0 vtl f0×vtl Participant Intercept f0 vtl f0×vtl 

NH-P02 -0.31 0.34 1.98 0.27 CI-P04 -3.79 -0.82 -1.64 1.52 
NH-P03 1.51 0.92 1.76 -0.75 CI-P05 0.02 0.40 -0.56 0.34 
NH-P04 -0.50 1.79 2.25 -1.11 CI-P06 -0.14 -0.46 -0.66 1.70 
NH-P05 -1.57 0.92 2.55 -1.00 CI-P07 -3.09 -0.96 -1.34 2.30 
NH-P06 1.04 1.32 1.12 -0.42 CI-P08 0.81 -0.29 -0.88 1.20 
NH-P07 -1.87 2.14 2.23 -0.80 CI-P10 -3.66 -1.05 -1.38 1.60 
NH-P08 0.30 1.95 1.34 -0.63 CI-P12 1.04 -0.19 -0.46 0.20 
NH-P09 -0.35 1.37 1.62 -0.38 CI-P13 0.49 -0.20 -0.93 0.36 
NH-P10 -1.03 1.76 1.77 -0.70 CI-P15 -1.82 -1.43 -2.07 1.78 
NH-P11 -1.19 1.01 2.37 0.49 CI-P16 -1.62 -0.07 0.10 0.20 
NH-P12 0.97 1.02 0.78 0.31 CI-P18 0.16 -1.03 -1.42 2.04 
NH-P13 0.12 1.08 1.55 -0.24 CI-P19 -0.83 -1.24 -1.98 2.26 
NH-P14 -0.93 2.45 1.79 -0.43 CI-P20 -1.13 -0.51 -0.89 0.25 
NH-P15 0.11 1.41 2.16 -0.86 CI-P21 -0.79 -1.41 -1.68 2.44 
NH-P16 -1.19 2.30 2.12 -1.06 CI-P22 2.64 -1.08 -0.95 1.11 
NH-P17 0.17 1.43 1.87 -0.57 CI-P23 1.85 0.61 0.54 0.11 
NH-P18 0.75 1.84 0.80 -0.76   
NH-P19 0.43 0.72 1.28 0.03   

Min -1.87 0.34 0.78 -1.11 Min -3.79 -1.43 -2.07 0.11 
Max 1.51 2.45 2.55 0.49 Max 2.64 0.61 0.54 2.44 
Mean -0.20 1.43 1.74 -0.48 Mean -0.62 -0.61 -1.01 1.21 
Std. dev. 0.96 0.58 0.52 0.48 Std. dev. 1.87 0.62 0.71 0.85 

 

3.3.3.  Cochlear-implant listeners
In contrast to the NH group, who showed a benefit from 

increasing both ∆F0 and ∆VTL between target and masker 
voices, the CI group revealed a significant decrement in SoS 
intelligibility of about 0.07 Bk per semitone increase in ∆F0 and 
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a decrement of about 0.12 Bk per semitone increase in ∆VTL. 
This finding contradicts the hypothesis that increasing ∆F0 
and ∆VTL between target and masker voices should lead to an 
improvement in SoS intelligibility for CI users. The significant 
interaction term reveals that the detrimental effect of increasing 
∆F0 and ∆VTL on SoS intelligibility changes according to the 
combination of ∆F0 and ∆VTL. As shown in the top panels 
of Figure 2, increasing ∆F0 between target and masker was 
detrimental for SoS intelligibility until ∆VTL was -4 st. When 
∆VTL was -9 st and -12 st, increasing ∆F0 led to a slight 
improvement in SoS intelligibility, although this improvement 
did not turn out to be significant when the logistic regression 
was applied only for ∆VTL values larger than -4 st [𝛽 = 1.22, 
SE = 0.88, 𝑧 = 1.39, 𝑝 = 0.17].

3�4� Discussion

The first research question in this study was whether CI 
users would benefit from F0 and VTL differences between target 
and masker speakers in a SoS intelligibility task, similar to NH 
listeners. To explore this question, in this experiment, F0 and 
VTL of the masker speaker were manipulated relative to the voice 
of the original female speaker (target). The effect of increased 
voice differences on SoS was explored by measuring intelligibility 
as a function of increasing ∆F0 and ∆VTL between target and 
masker for both NH and CI users.   

NH listeners gained an improvement (benefit) in SoS 
intelligibility scores as a function of increasing ∆F0 and/or 
∆VTL of the masker relative to those of the target speaker, 
which is consistent with the effects reported in a number of 
studies (e.g. Assmann and Summerfield, 1990; Başkent and 
Gaudrain, 2016; Darwin et al., 2003; Vestergaard et al., 2009). 
In contrast, CI users demonstrated a slight but significant 
decrement in SoS intelligibility with increasing ∆F0 and/or 
∆VTL between target and masker speakers. Because the target 
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in the current experiment always remained the same voice in 
all conditions, this decrease in intelligibility with an increase in 
∆F0 or ∆VTL is akin to increasing the influence of the masker. 
The literature reports mixed findings for CI users regarding the 
benefit from F0 differences between target and masker speakers, 
either manipulated from the same talker, as was done here, or by 
use of different speakers with differing F0s. While Stickney et al. 
observed no improvement in SoS scores for CI users, either when 
the masker sentence was from a different talker (2004) or when 
the masker voice was the same talker as the target with its F0 
manipulated (2007), Pyschny et al. (2011) reported a systematic 
benefit in a similar condition.

One fundamental difference between the studies of Stickney 
et al. and Pyschny et al. is that the CI users recruited in the 
latter study were all bimodal users. These bimodal CI users, 
even though tested without their HAs, had presumably sufficient 
residual acoustic hearing that may have helped them draw a 
benefit from F0 differences in SoS. In fact, previous literature 
has reported that low-frequency acoustic cues in residual hearing, 
even when limited, can help preserve F0 cues to a large extent, 
enhancing the sensitivity to such cues (Başkent et al., 2018). In 
addition, perhaps as a result of their residual acoustic hearing, 
these CI users were able to perform the SoS task at a TMR 
that was unusually low for CI users (0 dB), and still managed 
to produce SoS scores that were well above floor performance, 
varying between roughly 30% and 45%. It has been shown that 
the amount of benefit from voice cue differences between target 
and masker speakers highly depends on the TMR tested (e.g., 
Darwin et al., 2003; see Fig.4 & Fig.8 in Stickney et al., 2004): 
at high TMRs, the benefit from increasing F0 or VTL between 
target and masker speakers becomes minimal, which may be 
related to placing more emphasis on loudness cues from the 
target compared to voice cue differences between the two talkers 
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in a SoS task. In comparison to the bimodal CI participants 
tested by Pyschny et al., the CI users tested by Stickney et al. 
(2004, 2007) could not reach the same level of high performance, 
even when tested at a relatively high TMR (above +10 dB).
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Figure 3. Effect of increasing ∆F0 and ∆VTL between target and 
masker speakers in simulations of CI processing using the Nucleus MATLAB 
Toolbox (NMT v 4.31; Swanson and Mauch, 2006) from Cochlear. Panel A 
(top): TMR per electrode averaged across the entire speech corpus for only 
changing ∆F0. Error bars indicate one standard deviation from the mean 
TMR. Panel A (bottom): Same as top panel but for changes in only ∆VTL. 
Panel B (top row): Electrodograms obtained for a sample stimulus using 
NMT, with fixed target sentence “We kunnen weer even vooruit” [We can 
move forward again], and identical masker mixture at a TMR of +8 dB. Only 
∆F0 is varied and ∆VTL is kept at 0 st. Dark patterns indicate the pattern 
produced by the target, while bright patterns indicate that of the masker. 
Panel B (bottom row): Same as top panel, but for changes in only ∆VTL, while 
∆F0 is kept at 0 st. Panel C: Spectrograms obtained for the same maskers 
as in the bottom row of Panel B (only ∆VTL varied while ∆F0 kept at 0 st) 
before processing with NMT.

Because the CI participants tested in the present study were 
recruited to have a wide range of speech-in-quiet intelligibility 
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scores, they were all tested at a relatively high TMR of +8 dB, 
similar to both Stickney et al. studies. Thus, the positive effect 
of increasing ∆F0 on SoS intelligibility observed by Pyschny et 
al. may be limited to high-performing bimodal participants who 
may have access to residual acoustic cues, including F0 cues, 
even without their HAs. This may allow them to be tested at 
low TMRs, where the interactive effects may be stronger than at 
high TMRs. With that said, because the TMR has been shown 
to play an important role in the amount of benefit from voice 
differences between two competing talkers, the difference in the 
patterns of performance between NH and CI listeners could be 
attributed to the different TMRs used to test each group. Thus, 
the systematic effect of TMR on the benefit from voice cue 
differences in SoS tasks for both NH and CI users should be 
investigated in a future study.

Data from this experiment revealed that, contrary to what 
was expected, increasing the masker’s F0 and shortening its 
VTL relative to the target voice (towards a child-like voice) 
appeared to increase the masking effect for the CI group. 
This effect has been previously reported in the literature by 
Pyschny et al. (2011), where they observed a decrement in CI 
user’s performance as they increased ∆VTL. As was done in 
the current study, Pyschny et al. also manipulated the masker 
along the direction of shorter vocal tract lengths relative to the 
target. The authors attributed this adverse effect of ∆VTL to 
the masker being more salient than the target because of its 
shorter vocal tract length. A similar effect was also reported for 
both NH and CI listeners in a study by Cullington and Zeng 
(2008), in which they observed a stronger masking effect of child 
maskers compared to female maskers when the target was a male 
speaker. This is counterintuitive because, in principle, the F0 
and VTL differences between a child and an adult male speaker 
are usually larger than those between an adult female and an 
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adult male (Peterson and Barney, 1952; Smith and Patterson, 
2005).

A possible explanation for this effect in CI users is provided 
by Figure 3, which shows the effect of increasing ∆F0 and 
∆VTL between target and masker speakers on the resulting 
TMR per simulated CI electrode and electrodogram patterns. 
Panel A shows the TMR per electrode averaged across all target 
sentences used in this experiment, with masker combinations 
obtained as described in the Stimuli section. The top part of 
panel A shows the TMR computed for only increasing F0 of the 
masker relative to that of the target. As F0 increases, the TMR 
appears to decrease, especially along the higher frequencies 
(electrodes 1-14). The bottom part of panel A shows the effect 
of shortening the masker’s VTL relative to that of the target. As 
the masker’s VTL is shortened, the TMR decreases dramatically 
for the lower frequency components of the stimuli (electrodes 
12-22), indicating an effective increase in masking effect. Panel 
B demonstrates this effect on the stimulation pattern using a 
sample stimulus. For F0 differences (top part of panel B), the 
masker (bright) and target (dark) patterns do not appear to 
change dramatically. However, for VTL differences between 
masker and target, the masker pattern appears to stretch along 
higher frequencies, spreading to higher-frequency channels 
(represented by electrodes 16-22). This happens because 
shortening VTL leads to a stretching of the spectral envelope 
along a linear frequency scale towards higher frequencies, as can 
be seen in panel C of Figure 3, which shows the spectrograms 
of the maskers before being processed by the CI simulation. 
Hence, when shortening the masker’s VTL by 12 st, the lower 
frequencies of the target become completely masked, compared 
to the case when ∆VTL was 0 st. This is because these low-
frequency patterns of the masker start occupying more of the 
same low-frequency channels as those of the target, leading to 
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the fusion of masker and target components in that frequency 
range. Thus, as ∆VTL increases in this experiment, a stronger 
masking effect can be expected for the CI group.

In the following experiment, a different task was administered 
to measure the effect of voice cue differences between competing 
speakers on another aspect of SoS perception, namely, SoS 
comprehension. Sentence comprehension was assessed in the 
following experiment because it more closely mimics real-life 
communication scenarios (Best et al., 2016), in which listeners 
extract meaningful information from the incoming sentence and 
formulate the appropriate response accordingly (Rana et al., 
2017). In addition, it is a process that taps into higher levels 
of cognitive processing. According to Kiessling et al. (2003), 
“Comprehending is an activity undertaken beyond the processes 
of hearing and listening [and] is the perception of information, 
meaning or intent.” Thus, when the acoustic signal is impoverished, 
as is the case with CI processing, overall sentence comprehension 
may be compromised if CI users cannot understand a sufficient 
number of words to draw meaning from the entire sentence. This 
would not be evident in a typical sentence intelligibility task, 
since the CI users may repeat a number of words per sentence, 
but these words could be insufficient in helping them assign 
meaning to the sentence. In addition, sentence comprehension 
speed (RTs) could also be easily assessed, which has been shown 
in the literature to capture more robust effects of task difficulty 
compared to traditional accuracy measures (e.g., Baer et al., 
1993; Gatehouse and Gordon, 1990; Hecker et al., 1966). Such 
RTs could not have been easily measured using a task as that 
deployed in experiment 1.   
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4. ExpErimEnt 2: EffEct of ∆f0 and 
∆VtL on SpEEch-on-SpEEch comprEhEnSion 

uSing a SEntEncE VErification taSk

4�1� Rationale

SoS comprehension as a function of ∆F0 and ∆VTL between 
two competing talkers was assessed in this experiment using 
a Dutch SVT (see Adank and Janse, 2009 for a description). 
Based mainly on the English speed and capacity of language 
processing task (Baddeley et al., 1992), the Dutch SVT is 
comprised of true and false sentence pairs, which allows for 
measuring not only verification (comprehension) accuracy but 
also RTs. Because differences across experimental conditions 
were shown to manifest more robustly using RTs than using 
traditional accuracy (percent-correct) scores alone (e.g., Baer 
et al., 1993; Gatehouse and Gordon, 1990; Hecker et al., 1966), 
RTs have been extensively used in the literature as an additional 
measure of performance. For example, adverse listening 
conditions require a relatively longer time to process and thus 
lead to longer RTs, compared to ideal listening conditions (Baer 
et al., 1993; Gatehouse and Gordon, 1990).  

While SVT provides two measures, one accuracy and the 
other speed of comprehension, it is often challenging to interpret 
accuracy and RT measures in isolation, since a participant 
may, for example, respond at a slower rate at the expense of 
higher accuracy (e.g., Pachella, 1974; Schouten and Bekker, 
1967; Wickelgren, 1977). This speed-accuracy trade-off can 
be addressed by combining accuracy and RT measures into a 
unified measure of performance called the drift rate (for a review, 
see Ratcliff et al., 2016), which represents the rate of evidence 
accumulation to reach a decision (labeling the sentence as true 
or false). This measure can provide insight into the quality 
of information gathered by the participant across different 
experimental conditions, and is assumed to be appropriate for 
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measuring task difficulty (Wagenmakers et al., 2007), such that 
a slower drift rate would indicate a more difficult task.

In this experiment, the drift rate was computed using the 
EZ-diffusion model provided by Wagenmakers et al. (2007), 
which is a simplified version of the full drift-diffusion model 
introduced by Ratcliff (1978). The EZ-diffusion model makes 
use of the RT distribution (both mean and variance) to correct 
responses, along with the accuracy score to compute the drift 
rate. Following the method of Wagenmakers et al. (2007), the 
assumptions permitting the use of this model were all satisfied 
when checked on the data collected. 

4.1.1.  Stimuli
The same masker-target conditions used in experiment 

1 were used here with the same 16 combinations of ∆F0 and 
∆VTL and at the same TMRs for each group. The sentences 
used to construct the masker sequences were also the same as in 
the previous experiment. The only difference between the setup 
of this experiment and that of the previous one is that, here, the 
target sentences were taken from Adank and Janse (2009) to 
obtain both accuracy and RT measures. The Dutch SVT corpus 
of Adank and Janse contains 100 pairs of sentences, and each 
pair is comprised of the true (e.g., Bevers bouwen dammen in de 
rivier [Beavers build dams in the river]) and false (e.g., Bevers 
grooien in een moestuin [Beavers grow in a vegetable patch]) 
versions of a given sentence. The sentences are all grammatically 
and syntactically correct.

4.1.1.1. Recording of SVT material

Because manipulation of the masker’s F0 and VTL relative 
to those of the target was of interest here, it was essential to have 
the target and masking sentences uttered by the same speaker. 
Hence, both the sentences from the Dutch SVT and the Versfeld 
et al. sentences used as maskers (lists 13, 21, and 39) were re-
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recorded from a native Dutch female speaker, with an average 
F0 of 188 Hz. The Dutch speaker was a 25-year-old female from 
the northern provinces of the Netherlands.

The recordings were done in a sound-isolated anechoic 
chamber using a RØDE NT1-A microphone mounted on 
a RØDE SM6 with pop-shield (RØDE Microphones LLC, 
Silverwater, Australia) connected to a PreSonus TubePre v2 
preamplifier (PreSonus Audio Electronics, Inc., Baton Rouge, 
LA). The preamplifier output was connected to the left channel 
of a DR-100 MKII TASCAM recorder (TEAC Europe GmbH, 
Wiesbaden, Germany), by which recordings were captured at a 
sampling rate of 44.1 kHz. 

All 200 true/false sentences were recorded three times, with 
sentences being presented in a randomized order. The best of 
three recordings was chosen and equalized in RMS. Clicks were 
smoothed out to decrease noise and pauses longer than 250 ms 
were shortened to 250 ms.

In addition to the 200 true/false sentences, eight more true/
false sentences were developed and recorded by the same female 
speaker to be used for training (see Appendix 2.1).

4.1.2.  Procedure
In this experiment, participants were instructed to indicate 

whether the target sentence was true or false by pressing the 
corresponding button on the touchscreen and were requested 
not to repeat the sentence. They were asked to give the first 
response that came to mind without overthinking.

It is important to note that the Dutch SVT developed by 
Adank and Janse (2009) is not divided into lists as was done in 
the English SVT developed by (Baddeley et al., 1995). The Dutch 
and aforementioned English SVTs are also slightly different than 
the SVT developed by Pisoni et al. (1987), such that the resolving 
word, which determines whether the statement is true or false, 
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is not always at the end of the sentence, as is the case in the 
SVT developed by Pisoni et al. This has potential consequences 
on measuring response times as such measurements are usually 
marked starting from the offset of the resolving word. In the 
original design of Adank and Janse (2009) negative RTs were 
possible since the resolving word was not always at the end of the 
stimulus sentence. Here, however, participants were only able to 
respond after the offset of the entire stimulus; therefore, negative 
RTs were not allowed. Nonetheless, the issue of not having the 
resolving word at the end of the sentence was addressed in the 
analyses because it could have potentially contributed to the 
variability in the RTs measured.

The design of this experiment was further modified 
to accommodate the CI participants. This involved not 
implementing a timeout window for collecting responses, and 
not giving speed instructions. These modifications, which were 
similar to those done by Gatehouse and Gordon (1990) with 
their hearing impaired participants, were introduced so as not 
to stress the CI participants who already experience reduced 
spectrotemporal acoustic-phonetic details of speech, and hence, 
may end up sacrificing accuracy for speed.

Training was provided in two parts to familiarize participants 
with the task. In the first part, two true/false sentence pairs 
from the training list were presented in quiet. In the second part, 
the remaining two true/false sentence pairs from the training list 
were presented in the presence of a competing masker at a TMR 
4 dB higher than that used during data collection. The voice of 
the masker differed from that of the target by a ∆F0 of +8 st 
and a ∆VTL of -8 st.

During actual testing, the first 192 sentences (12 sentences 
per condition × 16 conditions) from the overall 200 true/false 
sentences were chosen as the target sentences. For a given 
condition, 6 true and 6 false sentences were randomly chosen 



63

Voice perception and speech-on-speech intelligibility

from the 192, with no true/false pair assigned to the same 
[∆F0, ∆VTL] condition. All 192 stimuli were generated offline 
before the experiment began and were presented in a pseudo-
randomized order to each participant.

Feedback was only provided during training: Participants 
received both auditory and visual feedback for both parts of the 
training: the target sentence was displayed on the screen, along 
with whether it was true or false, and the whole stimulus was 
repeated through the loudspeaker. The entire experiment lasted 
a maximum of 1 hour (including breaks).

4.1.3. Statistical analyses
Accuracy scores were converted into the sensitivity measure 

d’ (Green and Swets, 1966) because percent correct responses 
may be prone to a participant’s bias for choosing a specific 
response for all items. The d’ and drift rate data were fit using a 
linear mixed-effects model (using lmer function in R), with the 
same parameters as outlined in the “Statistical analyses” section 
in experiment 1. ∆F0 and ∆VTL were also normalized as in 
experiment 1. 

Because no timeout was implemented, and no speed 
instructions were given to the participants, RTs above 6 s were 
discarded (assigned as an incorrect response), and only those 
RTs corresponding to correct responses were analyzed. The 
discarded RT measurements amounted to 0.74% of the NH data 
and 3.16% of the CI data.

Because RT data are positively skewed, they were fit using 
a GLMM following the recommendations provided by Lo and 
Andrews (2015), where the effect of stimulus item (sentence) 
was included as a random factor [(1|item) term]. This term was 
introduced to address the potential variability in RTs arising 
from the issue that the resolving word was not always at the end 
of the sentence. The resulting model for RTs was of the form -1/
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(RT[seconds])=β0+β1·x1+ β2·x2+...+βn·xn, where xi represents the 
ith fixed effect, and βi is the corresponding coefficient. 

4�2� Results
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Figure 4. SoS comprehension performance, measured using SVT, 
averaged per group for each condition of ∆F0 (different panels) and ∆VTL 
(x-axis). Dark squares with solid lines represent the NH data, while light circles 
with dashed lines represent the CI data. Error bars represent one standard 
error from the mean. Top row: SoS comprehension accuracy measured in d’. 
Middle row: SoS comprehension RTs measured in seconds. Bottom row: SoS 
comprehension drift rate measured in arbitrary units per second. 
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 Figure 4 shows the mean accuracy scores in d’ (top row), the 
mean RTs (middle row), and the mean drift rate (bottom row) 
as the combined measure of performance from both accuracy 
and RT data.

4.2.1. Between-group effects
Table 4. Coefficients obtained from fitting a linear mixed-effects 

model to the d’ and drift rate data, and a GLMM to the RT data. For 
conciseness, only significant effects are provided. T-tests reported for d’ and 
the drift rate use Satterthwaite’s approximation. T-values reported for RTs 
are obtained from the GLMM fit using maximum likelihood with Laplace 
approximation. Significance codes: p < 0.05 ‘*’; p < 0.01 ‘**’; p < 0.001 ‘***’.

 

FIXED

EFFECT

COEFFICIENT  
d' RT DRIFT RATE 

OVERALL

EFFECT

OF

GROUP 

Intercept 
� = 2.29, SE = 0.18,  � = -0.98, SE = 0.06,  � = 0.12, SE = 0.01,  

t (52.40) = 12.62, 

� < 0.001***   

t = -16.93,  

� < 0.001***   

t (54.80) = 11.45, 

� < 0.001***   

group 
� = -0.87, SE = 0.25,  � = 0.40, SE = 0.08,  � = -0.06, SE = 0.02,  

t (52.40) = -3.36, 

� < 0.01**   

t = 4.92,  

� < 0.001***   

t (54.80) = -3.88, 

� < 0.001***   

vtl×group 
� = -0.49, SE = 0.20,  

-  -  t (519.00) = -2.52, 

� = 0.012*   

CI
GROUP  

Intercept 
� = 1.41, SE = 0.29,  � = -0.57, SE = 0.05,  � = 0.06, SE = 0.01,  

t (16.07) = 4.85,  

� < 0.001***   

t = -12.13,  

� < 0.001***   

t (16.04) = 4.61,  

� < 0.001*** 

vtl 
� = -0.50, SE = 0.21,  

-  

� = -0.02, SE = 0.01,  

t (17.94) = -2.36, 

� = 0.03*   

t (18.36) = -2.91, 

� < 0.01**  

 

The regression models for the between-group effects for 
each of the RTs and the drift rate were simplified to exclude the 
random slopes estimated per participant, since the simplified 
models did not significantly differ from the full models (p > 
0.13). The regression model for d’ was also simplified in the same 
manner even though the simplified model was barely different 
from the full model [𝜒2(9) = 17.18, p = 0.046]. However, since 
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the full model for d’ yielded a worse fit to the data [Akaike 
information criterion (AIC) = 999.90, Bayesian information 
criterion (BIC) = 1082.1] compared to the simplified model 
(AIC = 999.08, BIC = 1042.4), the results of the simplified 
model were reported here.

Table 4 shows the regression coefficients for the significant 
effects only. Results from the NH group were not significant; they 
were not reported in the table. The performance of the CI group 
was found to be significantly worse than that of the NH group 
on all three measures: CI users’ baseline accuracy score was 
lower than that of NH listeners by a d’ of about 0.87. Moreover, 
CI users were, on average, 704 ms slower than NH listeners3. 
Finally, CI users, on average, accumulated information at a rate 
of 0.06 units/s slower than NH participants, which indicates 
that the increase in RTs observed for the CI group compared to 
the NH group was not a trade-off for increased accuracy. This 
means that the quality of information accrued by the CI group 
until they were required to give a decision was poorer compared 
to that of the information accumulated by the NH group.   

The effect of ∆VTL was different for each group only for the 
d’ data, as indicated by the significant interaction effect. For all 
other measures, all remaining effects and interactions were non-
significant (𝑝 > 0.051).  

4.2.2. Normal-hearing listeners
For the NH group, no effect of ∆F0, ∆VTL, or their 

interaction was seen on either three performance measures (𝑝 
> 0.20). This indicates that the task may have been quite easy 
for the NH group since no further benefit on any performance 
measure could be drawn from the voice differences between 
target and masker.

3  This difference in baseline performance between the two participant 
groups was computed by substituting the linear regression coefficients (Table 
4) into the linear regression model for RTs.
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4.2.3. Cochlear-implant listeners 
For the CI group, only the VTL manipulation was found 

to significantly affect the d’ and the drift rate (𝑝 > 0.11 for all 
other predictor variables), but not RTs (p = 0.055). CI users’ 
accuracy scores dropped by an average of about 0.5 in d’ per 
octave increase (12-st increase) in ∆VTL, and they were 0.02 
units/s slower in giving a correct response for an octave increase 
in ∆VTL.

4�3� Discussion

For NH listeners, the data from experiment 1 revealed that 
both increasing the masker’s F0 and shortening its VTL relative 
to the target speaker improved the word-by-word intelligibility 
of the target sentence. However, the data from experiment 2 
demonstrated that overall comprehension of the target sentence 
as measured by the particular SVT materials chosen here, and 
under the specific TMR tested, did not appear to be affected 
by either increasing the masker’s F0 or shortening its VTL 
relative to the target. Although a trend for improvement in 
comprehension performance as a function of increasing ∆F0 or 
∆VTL could be seen in the data (Figure 4), this trend was not 
significant. These findings indicate that the setup for the SVT 
might not have been adverse enough for the NH participants, 
such that they mostly performed nearly at ceiling levels and 
hence no additional benefit could be drawn from the voice cue 
differences.

For CI users, the data from experiment 1 revealed that 
both increasing the masker’s F0 and shortening its VTL relative 
to those of the target speaker deteriorated the word-by-word 
intelligibility of the target sentence. The data from experiment 
2 revealed no significant effect of ∆F0 on either accuracy in d’, 
RT, or drift rate data for the CI group. The findings of these 
two experiments revealed no positive benefit from F0 differences 
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between two competing talkers for CI listeners, in line with 
the effects reported by Stickney et al. (2004, 2007), but still 
contradicting the findings of Pyschny et al. (2011). One reason 
for the emergence of a benefit of ∆F0 in the Pyschny et al. study 
may be attributed to their high-performing bimodal CI group, 
as previously explained. In the current study, bimodal CI users 
were tested without their HA and had their HA ear blocked 
during testing. However, in the Pyschny et al. study, it is not 
clear whether their bimodal CI users had their HA ear blocked 
during testing in the CI-only condition. Thus, the discrepancy 
between the findings of the present study and those of Pyschny et 
al. may be attributed to the presence of usable residual hearing 
in the bimodal CI group tested by Pyschny et al.

Contrary to the effect of ∆VTL in the NH group, the effect 
of ∆VTL for the CI group remained consistent throughout both 
experiments 1 and 2: in experiment 1, shortening the masker’s 
VTL relative to that of the target yielded systematically worse 
SoS intelligibility scores. This effect was persistent for SoS 
comprehension as measured by the SVT, in which shortening the 
masker’s VTL led to a less accurate comprehension of the target 
and slower drift rates in the CI group. Hence, the remark made 
in the discussion section of experiment 1 about the increased 
masking effect of shorter VTLs for CI users (Figure 3) also 
applies here. In addition, the same remark given in experiment 
1 regarding the possible effect of TMR on the difference between 
the performance of the NH and CI groups also applies here.

Taken together, the results from experiments 1 and 2 
revealed that CI users did not benefit from the voice differences 
introduced in this study between two competing talkers, such 
that increasing the masker’s F0 did not lead to a positive benefit 
while shortening the masker’s VTL yielded a decrement in 
performance. This means that, under the TMR conditions tested 
in the current study, certain voice differences that were found 



69

Voice perception and speech-on-speech intelligibility

to be useful for NH listeners in understanding speech in the 
presence of background talkers were not necessarily beneficial or 
were even slightly detrimental for CI users.

A possible explanation for this lack of benefit could be that 
the CI users tested in this experiment had insufficient sensitivity 
to F0 and VTL differences. This question was addressed in the 
following experiment.

5. ExpErimEnt 3: SEnSitiVity to f0 and 
VtL diffErEncES

5�1� Rationale

Experiments 1 and 2 revealed large differences between how 
NH and CI listeners benefit in SoS from voice differences between 
two concurrent speakers. NH listeners were found to benefit from 
both F0 and VTL differences between two competing talkers, 
while CI users were shown not to draw any benefit from such 
voice differences.

Because the effects reported in experiments 1 and 2 described 
the behavior of the CI participants as a group, it was of interest 
to investigate individual differences within the participants. In 
other words, one of the aims of this experiment was to quantify 
whether participants who benefited on the individual level from 
F0 and VTL differences in SoS had higher sensitivities to these 
two cues compared to participants who did not benefit from 
those voice cue differences.

The literature shows that, on the one hand, NH listeners 
are quite sensitive to small F0 and VTL differences, as was 
demonstrated by their low JNDs (Gaudrain and Başkent, 2018), 
and can utilize these two cues to categorize the gender of a 
speaker (Fuller et al., 2014; Meister et al., 2016). On the other 
hand, CI users are less sensitive to both F0 and VTL differences 
(Gaudrain and Başkent, 2018), and, they are only able to utilize 
F0 cues (and not VTL) to categorize the gender of a speaker 
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(Fuller et al., 2014; Meister et al., 2016). Because CI users, on 
average, have low VTL sensitivity, coupled with their inability 
to utilize this cue to perform gender categorization, their lack of 
benefit from VTL differences observed both in SoS intelligibility 
scores (experiment 1) and SoS comprehension performance 
(experiment 2) may be related to their VTL sensitivity.

Hence, this experiment measured CI users’ F0 and VTL 
sensitivity using JNDs (similar to Gaudrain and Başkent, 2018) 
and investigated whether they were correlated with 1) the benefit 
in and 2) overall average SoS intelligibility (experiment 1) and 
comprehension performance (experiment 2). The benefit here is 
defined as the slopes for ∆F0 and ∆VTL obtained from fitting 
the GLMMs in the results of the previous two experiments. 
This means a positive slope implies a benefit from increasing 
∆F0 and ∆VTL, while a negative slope indicates a decrement in 
performance from increasing ∆F0 and ∆VTL.

5�2� Methods

5.2.1.  Stimuli
Following the protocol defined in Gaudrain and Başkent 

(2015, 2018), stimuli for this experiment were taken from the 
NVA corpus (same as those mentioned in Section 2.1.2). The 
NVA words were spoken by an adult native Dutch female speaker, 
with an average F0 of 242 Hz. Sixty-one consonant-vowel (CV) 
syllables with a duration between 142 ms and 200  ms were 
extracted from the words in the corpus, equalized in RMS, and 
set to a fixed duration of 200 ms using STRAIGHT (Kawahara 
and Irino, 2005). 

A stimulus in this experiment was created by randomly 
selecting three different CV syllables from the list of 61 syllables, 
and appending them to form a triplet, with 50 ms of silence 
between each syllable and the next. In each trial, the same triplet 
of syllables was presented three times, 250 ms apart, with one 
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of these presentations (target triplet) being different from the 
other two (reference triplets) in either F0 or VTL following an 
‘odd-one-out’ procedure [3-interval, 3-alternative forced choice 
task (3I-3AFC)]. 

5.2.2.  Procedure
JNDs were measured along the two principal axes (dashed 

grey horizontal and vertical lines in Figure 1) relative to the 
reference female speaker at the origin of the [ΔF0, ΔVTL] plane, 
yielding four voice vectors: 1) along positive (increasing) F0s 
with no change in VTL, 2) along negative (decreasing) F0s with 
no change in VTL, 3) along positive (elongating) VTLs with no 
change in F0, and 4) along negative (shortening) VTLs with no 
change in F0. Each of these conditions was repeated three times 
to yield a total of 12 runs per participant (4 voice vectors × 3 
repetitions each). The order of the 12 runs was pseudo-randomly 
shuffled before presentation to each participant, and all 12 runs 
were conducted in a single session that lasted for about 2 hours.

Each JND for a given condition was obtained using a 2-down 
1-up adaptive procedure yielding 70.7%-correct responses on the 
psychometric function (Levitt, 1971). The initial trial started 
at a voice difference of 12 st between the reference and target 
triplets along one of the four voice vectors highlighted above. 
The voice of the two reference triplets was identical and always 
that of the original female speaker, and participants were asked 
to select the target triplet that had a different voice relative to 
the other two.

After each two successive correct responses, the absolute 
difference between the reference and target triplets decreased 
by a step size of 4 st. After a single incorrect response, the 
voice difference was increased by the same step size. If the 
voice difference became smaller than twice the step size, the 
step size was reduced by a factor of √2. The run terminated 
after 8 reversals, and the JND was calculated as the mean 
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voice difference, in st, between the target and reference triplets 
obtained in the last 6 reversals.

Before actual data collection, two training runs were 
provided for each participant to familiarize them with the test 
procedure. During training, different voices than the ones used 
during actual testing were selected: one voice was along a vector 
in the top-right quadrant of Figure 1 (∆F0 = +12 st, ∆VTL 
= -7 st), and the other was along a different voice vector in the 
bottom-left quadrant of Figure 1 (∆F0 = -12 st, ∆VTL = +3.8 
st). Each training run was programmed to end after only 6 trials, 
irrespective of whether the adaptive procedure converged or not. 
Visual feedback was always provided during both training and 
testing, indicating to the participant whether the interval they 
selected was correct or not. 

5�3� Results

5.3.1.  Raw JNDs
Figure 5 shows the raw JNDs obtained for the CI group 

tested in this experiment. NH JND data from Gaudrain and 
Başkent (2015) were replotted on the same figure for comparison. 
A linear mixed-effects model was applied to the log-transformed 
JNDs, with JNDs as the predicted variable, voice vector and 
participant group as the predictors, and participant number as 
the random effect.  A type III ANOVA applied to this linear 
model revealed that, consistent with previous findings (Gaudrain 
and Başkent, 2018), CI listeners had significantly higher (worse) 
JNDs for F0 [F(1,31) = 51.47, p < 0.001] and VTL [F(1,31) = 
52.62, p < 0.001] compared to NH listeners. F0 [F(1,31) = 0.02, 
p = 0.88] and VTL JNDs [F(1,31) = 0.43, p = 0.52] along the 
positive voice vector were not significantly different than those 
along the negative voice vector. 

The interaction effect between voice vector and participant 
group was only significant for F0 JNDs [F(1,31) =  11.23, p = 
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0.002] but not for VTL JNDs [F(1,31) = 0.74, p = 0.40]. This 
indicated that F0 JNDs along the positive voice vector (higher 
F0s) were significantly different from those along the negative 
voice vector (lower F0s) for one of the two participant groups. 
Post-hoc analyses revealed that F0 JNDs along the positive 
voice vector were significantly larger (worse) than those along 
the negative voice vector only for the CI group [t(17) = 3.07, p 
< 0.001].

NH CI

F0 VTL F0 VTL
0

5

10

15

20

Voice Cue

JN
D

s 
(s

t)

Voice vector
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Positive

Figure 5. F0 and VTL JNDs for NH (left panel) and CI (right panel) 
listeners. Positive (shaded bars) and negative (empty bars) voice vectors 
denote the principal axes of the [∆F0, ∆VTL] plane in Figure 1, which refer 
to vectors from the origin along positive and negative values, respectively, of 
F0 and VTL. The boxes extend from the lower to the upper quartile, and the 
middle line shows the median. The whiskers show the range of the data within 
1.5 times the interquartile range (IQR). The filled squares show the means, 
while the empty circles show the individual data outside of 1.5 times IQR. 
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5.3.2.  Meta-analyses

5.3.2.1. Relationship between JNDs and benefit from 
increasing ∆F0 and ∆VTL
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R2 = 0.22, 
t(15) = 2.07,
p = 0.08

R2 = 0.4, 
t(15) = 3.16,
p = 0.03*

R2 = 0.32, 
t(14) = -2.58,
p = 0.04*

R2 = 0.01, 
t(14) = 0.39,
p = 0.71

Figure 6. Correlation between CI users’ JNDs and the benefit they 
obtained from increasing ∆F0 and ∆VTL between target and masker speakers. 
Panel A: Correlation between F0 JNDs and the benefit in SoS intelligibility 
scores [in Berkson per semitone (experiment 1)] as ∆F0 increases between 
target and masker. Panel B: Correlation between VTL JNDs and the benefit 
in SoS intelligibility scores [in Berkson per semitone (experiment 1)] as ∆VTL 
increases between target and masker. Panels C and D: same as panels A and B, 
respectively, but for the benefit in SoS comprehension drift rate (experiment 2) 
measured in units per second per semitone increase. All p-values were corrected 
using the FDR method (Benjamini and Hochberg, 1995). Note that negative 
values for the benefit denote a deficit. Error bars indicate one standard error 
from the mean JND.
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The first point of investigation in this experiment was 
whether the benefit from increasing ∆F0 and ∆VTL from 
experiments 1 and 2 was correlated with the CI participants’ 
sensitivity to F0 and VTL, respectively. This benefit is defined 
as the coefficients for ∆F0 and ∆VTL from the GLMM models 
fitted in experiments 1 and 2, and can also be negative, in which 
case it would be a deficit. The benefit was plotted against the CI 
participants’ F0 and VTL JNDs, respectively, as shown in Figure 
6. The top two panels show the benefit in SoS intelligibility 
score in Berkson per semitone increase in ∆F0 (left) and ∆VTL 
(right) plotted against the F0 and VTL JNDs, respectively. The 
bottom two panels show the benefit in SoS comprehension drift 
rate in units/s per semitone increase in ∆F0 (left) or ∆VTL 
(right) plotted against the F0 and VTL JNDs, respectively. The 
drift rate data were shown here because they encompass both 
the comprehension accuracy and RT measures, hence serve as 
a more informative variable than either accuracy scores or RTs 
alone. A Pearson product-moment correlation coefficient was 
computed to assess the correlations between the benefit and the 
JNDs, and the p-values were corrected using the False Discovery 
Rate method (FDR; Benjamini and Hochberg, 1995) .

5.3.2.2. F0 JNDs versus benefit from increasing ∆F0

Only panel A in Figure 6 demonstrates a negative correlation 
between F0 JNDs and the benefit in SoS intelligibility obtained by 
CI listeners as ∆F0 increases between two simultaneous talkers. 
This means that, in line with what was expected, the more 
sensitive CI participants were to F0 differences (i.e., the smaller 
the JND), the less their SoS intelligibility scores were impaired by 
increasing ∆F0 between target and masker speakers. In contrast, 
panel C shows a positive correlation between the benefit in drift 
rate obtained from increasing ∆F0 and the CI participants’ F0 
JNDs. However, this correlation was non-significant indicating 
that while CI participants with smaller F0 JNDs were less likely 
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to experience a decrement in SoS intelligibility from increasing 
∆F0 differences, their F0 JNDs were not correlated with the 
benefit in SoS comprehension.

5.3.2.3.  VTL JNDs versus benefit from increasing ∆VTL

A positive correlation was observed between VTL JNDs and 
the benefit from increasing ∆VTL in both experiments 1 and 2 
(Panels B and D). Only the correlation between the benefit in 
drift rate and the VTL JNDs was statistically significant. This 
indicates that participants with larger JNDs were less likely to 
be affected by the masking effect introduced from increasing 
∆VTL described in experiments 1 and 2.  

5.3.2.4. Relationship between JNDs and overall 
performance on the SoS intelligibility and comprehension 
tasks

The second aim of this experiment was to assess whether 
F0 and VTL JNDs were related to the overall performance on 
the SoS intelligibility and comprehension tasks, rather than the 
relative benefit from increasing ∆F0 and ∆VTL. The top plot 
in Figure 7 shows the overall SoS intelligibility score for each 
participant (experiment 1), in percent correct (including the 
reference condition with no voice differences) as a function of 
their F0 and VTL JNDs. The bottom plot shows the average SoS 
comprehension drift rate per participant (experiment 2) also as 
a function of their F0 and VTL JNDs. The dashed lines in both 
plots indicate the region where typical F0 and VTL differences 
that are useful for gender categorization lie (Fuller et al., 2014); 
i.e., a range of F0 up to 12 semitones, and a range of VTL up to 
3.8 semitones. Notice that for both data sets, participants who 
were sensitive to both F0 and VTL within this range of voice 
differences were the ones who tended to perform well on both the 
SoS intelligibility and comprehension tasks (bottom left corner). 
On the other hand, participants who were sensitive to either F0 
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or VTL differences, but not both, did not perform well on both 
tasks. A simple linear regression model with the logit of the 
average SoS intelligibility score as the predicted variable and F0 
and VTL JNDs as the two predictors was significantly different 
than the model when either only F0 JNDs [F(1,13) = 4.94, p 
= 0.045] or only VTL JNDs [F(1,13) = 8.46, p = 0.01] was the 
sole predictor variable. The model with both F0 and VTL as 
predictors was able to explain 63.9% of the variance (Adjusted 
R2 = 0.64 versus Adjusted R2 = 0.41 for F0 JNDs alone and 
Adjusted R2 = 0.24 for VTL JNDs). The same type of effect 
was seen for the SoS comprehension drift rate, such that both 
F0 and VTL JNDs were significantly better predictors together 
than either only F0 JNDs [F(1,14) = 10.41,  p = 0.006] or 
only VTL JNDs [F(1,14) = 17.66, p < 0.001]. This means that 
participants who were sensitive to both F0 and VTL differences 
(and not only one of them) were those who performed better on 
both the SoS intelligibility and comprehension tasks.
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Figure 7. Multi-correlation plots between F0 JNDs, VTL JNDs, 
and average SoS intelligibility (top) or comprehension drift rate (bottom) per 
participant. The vertical dashed line indicates the range of natural F0 differences 
between typical male and female speakers (up to about 12 semitones). The 
horizontal dashed line indicates the range of natural VTL differences between 
typical male and female speakers (up to about 3.8 semitones). Horizontal and 
vertical error bars represent one standard error from the mean F0 and mean 
VTL JND, respectively, across the three repetitions of the JND measurement.

5.3.2.5. Relationship between JNDs and clinical measures

The data revealed that CI users who were more sensitive to 
both F0 and VTL differences were the ones who were, on average, 
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more likely to perform better on both the SoS intelligibility and 
comprehension tasks. This raises the question of whether high 
performers simply perform well on all tasks rather than there 
being a relationship between their JNDs and SoS perception 
per se. To check for this, participants’ NVA scores in quiet (see 
Table 1) were correlated against their SoS intelligibility scores, 
SoS comprehension drift rate, and JNDs. The NVA scores in 
quiet were found to be positively correlated with the overall SoS 
intelligibility scores [R2 = 0.43, t(14) = 3.23, p = 0.006] and SoS 
comprehension drift rate [R2 = 0.59, t(15) = 4.69, p < 0.001], 
as can be expected, since participants who have poor speech 
intelligibility in quiet would also be more likely to suffer from 
the introduction of an interfering background talker. However, 
while the NVA scores were correlated with the VTL JNDs [R2 
= 0.29, t(16) = -2.58, p = 0.02], they were not correlated with 
the F0 JNDs [R2 = 0.08, t(16) = -1.17, p = 0.26]. This suggests 
that CI users’ voice cue perception is specifically related to their 
overall SoS intelligibility and comprehension, rather than their 
overall performance on other tasks, such as speech intelligibility 
in quiet.

The follow-up question to these findings is whether this 
relationship between SoS perception (both intelligibility and 
comprehension) and voice cue perception, could be predicted 
from participants’ clinical measures, such as the dynamic range, 
the duration of CI use, the duration of hearing loss, or the age 
of the participants. Of these clinical measures, only the duration 
of hearing loss could predict the VTL JNDs [R2 = 0.29, t(16) = 
2.55, p = 0.02], but not the SoS intelligibility scores [R2 = 0.25, 
t(14) = -2.17, p = 0.05], the SoS comprehension drift rate [R2 = 
0.05, t(15) = -0.92, p = 0.37], or the F0 JNDs [R2 = 0.01, t(16) 
= -0.31, p = 0.76]. No other clinical measures from the ones 
obtained in this study were found to be correlated with either 
the F0 JNDs, the VTL JNDs, or the SoS scores (p > 0.13). 
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This indicates that it is difficult to predict which participants 
would have good voice cue sensitivity and SoS intelligibility and 
comprehension only from clinically-available data.

5�4� Discussion

This experiment was designed to address the second and 
third research questions of this study: 1) whether sensitivity to F0 
and VTL differences is related to the benefit in SoS intelligibility 
and comprehension as a function of increasing the difference in 
F0 and VTL between two competing talkers, and 2) whether 
this sensitivity was also related to each participant’s overall 
performance on each of the intelligibility and comprehension 
tasks. Thus, F0 and VTL JNDs were measured for each CI 
participant and their correlations with the SoS performance 
measures from experiments 1 and 2 were explored.

The data revealed that F0 JNDs were negatively correlated 
with the benefit from increasing ∆F0 between masker and target 
speakers. This means that CI users who were more sensitive to 
differences in F0 were the ones who were more likely to benefit 
in SoS intelligibility (experiment 1) from differences in F0 
between two concurrent speakers. However, the benefit in SoS 
comprehension drift rate as ∆F0 between masker and target was 
increased (experiment 2) was not significantly correlated with 
the F0 JNDs. These findings indicate that the presence or lack 
of correlations between the benefit and F0 JNDs may be task-
related.

In contrast to the slight negative correlations observed for 
F0, a positive correlation was observed between VTL JNDs 
and the benefit in both SoS intelligibility and comprehension 
performance as ∆VTL was increased between target and masker. 
This means that, counterintuitively, CI participants who were 
more sensitive to VTL differences were more likely to suffer from 
increasing ∆VTL between the two concurrent speakers. This 
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means that being more sensitive to VTL differences may increase 
the sensitivity to the masking effect imposed by shortening the 
VTL of the masker relative to that of the target. 

One possible reason for the emergence of this effect may 
be that participants who already started with a high baseline 
performance in SoS may have had no room for additional 
improvement with increasing ∆VTL (see Appendix 2.2 for 
individual data). Thus, they may have ended up experiencing 
a decrement in SoS performance as a function of increasing 
∆VTL, as this was the only direction for their SoS scores to 
go to from ceiling. This, in fact, appeared to be the case only 
for SoS comprehension, but not intelligibility, when the baseline 
performance for the SoS intelligibility and comprehension 
tasks (as estimated by the intercept of the linear model) were 
investigated for correlations with the benefit from increasing 
∆VTL [for intelligibility: R2 = 0.24, t(14) = 1.66, p = 0.12; for 
comprehension: R2 = 0.87, t(15) = -10.04, p < 0.0001]. Repeating 
the GLMM analyses with only the participants who were not at 
floor or ceiling revealed similar effects as those reported in the 
results section for the group average. These findings indicate 
that the effects reported in this study are not largely dictated 
by floor or ceiling effects.  

The relationship between the average SoS performance 
(across all F0 and VTL differences) and JNDs was much 
clearer: CI users who were more sensitive to both F0 and VTL 
differences were, on average, more likely to perform better 
on both the SoS intelligibility and comprehension tasks. This 
relationship was found to be particular to the SoS and JND 
tasks, and was not merely a result of having participants who 
performed well irrespective of task administered, since the NVA 
scores in quiet could not predict performance on all measures 
of voice cue sensitivity and SoS performance. In addition, the 
relationship between voice cue sensitivity and SoS performance 
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could not be predicted from available clinical data, meaning that 
it is challenging to predict participants’ sensitivity to voice cues 
by only looking at the clinical data during recruitment. Thus, 
selecting a wide range of NVA scores during the recruitment 
phase of this study allowed for observing this relationship 
between JNDs and SoS performance.

These findings, however, cannot be generalized to all types 
of voice differences, since, in this study, only a specific type of 
voice manipulation was applied. All F0 and VTL changes used 
here encompassed only child-like voices (top-right quadrant) 
from the whole [∆F0, ∆VTL] plane of possible values. Thus, it is 
unknown whether a similar pattern of results would be seen if F0 
and VTL were manipulated to sound more male-like compared 
to the reference (i.e. fall in the lower-left quadrant of the [∆F0, 
∆VTL] plane). In fact, it is expected that if the masker’s VTL was 
elongated relative to that of the target speaker, CI users should 
obtain a benefit in SoS performance. This is because elongating 
the masker’s VTL is expected to result in a compression of the 
masker’s spectral envelope towards lower frequencies. Thus, it 
is expected that this type of voice manipulation may yield a 
higher TMR across electrodes (less interaction between target 
and masker stimulation patterns), which is opposite to the effect 
shown in Figure 3.

Additionally, it is unknown if a similar pattern of results 
would be observed at different TMRs. Previous work has 
demonstrated that the size of the benefit from voice differences 
in SoS scenarios likely depends on the TMR (e.g. Darwin et 
al., 2003; Stickney et al., 2004). Thus, it would be beneficial to 
investigate whether the effects observed in the current study 
would persist at different TMRs.

It is worth commenting on the relatively large difference 
between the average ages of the NH and CI groups tested in this 
study. The age difference was caused by a number of factors. 
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Firstly, the young NH listeners were recruited only as a control 
group for the methodological validation, i.e., to rule out that the 
detrimental effects observed in the CI group were not a result 
of the voice manipulations per se. Secondly, the recruitment 
of younger CI users was not sufficiently practical within the 
timeframe of this study because of the overlap of potential 
testing times and their work schedules. Nevertheless, the ages 
of the CI participant sample recruited spanned a large range 
(from 33.3 years to 76.1 years), which allowed us to investigate 
whether the effect of age within this sample was a potential 
confound to the results obtained.

Regarding the JND data, there are contradictory findings 
in the literature regarding the effect of age on F0 differences. 
For example, Souza et al. (2011) reported evidence that younger 
NH listeners were more sensitive to F0 differences under noise-
vocoded conditions compared to older NH listeners. Contrary 
to this, Gaudrain and Başkent (2015) investigated the effects 
of vocoding on F0 and VTL JNDs in NH listeners, and also 
assessed whether the age range of their NH participant group 
influenced the pattern of results observed. While it was not 
a systematic study of the effect of age on JNDs, the authors 
reported that the large age range of their NH group (19 years to 
63 years) did not significantly affect the JNDs measured in that 
study. Building on that idea, because JNDs in the current study 
were measured only for the CI group and not the NH group, a 
linear regression model was fitted to the log-transformed F0 and 
VTL JNDs with age as a fixed-effect predictor. These analyses 
revealed that age was not a significant predictor of either F0 [𝛽 
= 0.02, SE = 0.01, F(1,16) = 1.07, 𝑝 = 0.31] or VTL JNDs [𝛽 
= 0.003, SE = 0.01, F(1,16) = 0.08, 𝑝 = 0.78]. Based on these 
findings, it seems unlikely that age was the dominating factor 
contributing to the pattern of results observed, at least not in a 
systematic manner. However, a more systematic study needs to 
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be performed before this potential effect of age on JNDs can be 
comprehensively identified or ruled out.

Regarding the SoS intelligibility data, previous studies have 
demonstrated that age can impact speech intelligibility under 
adverse listening conditions. For example, older NH participants 
were shown to have lower speech intelligibility in the presence of 
background noise (e.g., Gordon-Salant and Fitzgibbons, 1999) 
or competing talkers (e.g., Başkent et al., 2014; Bergman et al., 
1976; Tun et al., 2002) compared to younger NH participants. 
Since ageing effects have been reported in the literature for NH 
listeners, these effects are expected to be even more highlighted 
when comparing the performance of young NH listeners to that 
of older CI users. Directly supporting this idea, Bhargava et al. 
(2016) have shown that substantial differences in the intelligibility 
of interrupted speech existed between older CI participants and 
younger NH listeners listening to vocoder simulations. When 
the authors tested a second NH sample with participants who 
were age-matched to the CI group, the age-matched NH group’s 
performance under vocoded conditions approached that of the 
CI group. In the current study, whether the effect of age could 
have confounded the benefit in SoS intelligibility results was 
investigated both within the CI group itself and, since NH 
listeners were also tested with SoS, also between the CI and NH 
groups. Within the CI group, a logistic regression model was 
fitted to the binary per-word score using the full factorial model, 
as shown in Equation 2, with the added effect of participant age. 
The full factorial model accounted for the interaction between 
the effects of F0 and VTL with age on SoS intelligibility. If the 
interaction with age is significant, this would mean that the 
effects of F0 and VTL on SoS intelligibility scores in CI users 
would change depending on age. However, the logistic regression 
model revealed no significant effect of age as a fixed-factor [𝛽 = 
-1.51, SE = 1.76, z = -0.86, 𝑝 = 0.39] nor significant interactions 
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between any of the fixed effects and age [p > 0.15].
Investigating the effect of age between the CI and NH groups, 

a logistic regression model was fit to the entire SoS intelligibility 
dataset, with the full factorial specification (as provided in 
Equation 1) of the effects of F0, VTL, age, and participant 
group. The logistic regression revealed no effect of age as a fixed-
factor [𝛽 = -4.33, SE = 13.20, z = -0.33, 𝑝 = 0.74], and no 
significant interactions involving age (p > 0.19). Similar to the 
analyses performed on the JND data, these analyses revealed 
that age did not appear to significantly modulate the difference 
between the NH and CI results observed. Nevertheless, since 
the literature reports that age could have contributed to the 
difference between the effects for NH and CI listeners reported 
in this study, the effect of age should be explicitly investigated 
in a follow-up study in a systematic manner, by including age-
matched NH controls or younger CI participants. 

It is important to note that the effects of voice cues on 
SoS perception observed for the CI group, although statistically 
significant, were in fact small. This may be due to the considerable 
inter-subject variability in the performance of the CI group 
tested (see individual data in Figures 8 and 9) compared to that 
of the NH listeners recruited for this study (e.g., z-statistic for 
SoS intelligibility as a function of ∆F0 is 8.86 for NH versus -3.00 
for CI users, and as a function of ∆VTL is 11.56 for NH listeners 
versus -4.5 for CI users). Thus, whether more substantial effects 
may be observed for a larger, more homogenous CI group (i.e., 
whose performance is away from floor and ceiling) remains 
currently unknown. 

Since sensitivity to both F0 and VTL cues was found to 
be related to overall SoS performance, the question then arises 
of whether improving one measure would necessarily lead to 
an improvement in the other. In a previous study, VTL JNDs 
were found to depend on the frequency-to-electrode allocation 
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mapping in vocoder simulations of CI processing (El Boghdady 
et al., 2018). It remains to be seen whether implant parameters, 
such as the frequency-to-electrode allocation mapping or the 
coding strategy, could help improve SoS performance in addition 
to JNDs. 

6. conclusion

This study was designed to address three research questions: 
1) Do CI users benefit in SoS scenarios from F0 and VTL 
differences between two competing talkers in a manner similar 
to NH listeners? 2) Is this benefit related to their sensitivity 
to F0 and VTL differences? 3) Could their overall average 
SoS performance be related to their F0 and VTL sensitivity? 
The results from this study revealed that: 1) Contrary to NH 
listeners, CI listeners do not benefit from F0 differences between 
two concurrent speakers, while they experience a decrement in 
performance as the masker’s VTL is shortened relative to that of 
the target. 2) The effect on SoS perception from increasing the 
relative difference in F0 and VTL between two competing talkers 
is related to the CI users’ sensitivity to these two voice cues. 3) 
CI users’ overall average performance on a variety of SoS tasks 
can be mainly predicted by their sensitivity to both F0 and VTL 
differences. These findings indicate that F0 and VTL JNDs may 
serve as useful methods to investigate the effectiveness of new 
speech coding strategies since they are directly related to SoS 
performance.
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APPendix 2.1: trAining sentences 
dEVELopEd for thE SVt

The true/false sentence pairs introduced to the SVT 
material to be used for training purposes are shown in  Table 5.
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Table 5. True/false sentences added to the SVT material and used 
only to train participants to the nature of the task.

TRUE FALSE 

DUTCH 
ENGLISH

TRANSLATION  
DUTCH 

ENGLISH

TRANSLATION 
 
 

Muizen zijn klein Mice are small Gras is meestal 
rood Grass is mainly red 

Auto's zijn meestal 
sneller dan fietsers 

Cars are usually 
faster than bikes 

Konijnen eten 
olifanten op Rabbits eat elephants 

Zebra's hebben 
zwarte en witte 
strepen 

Zebras have black 
and white stripes De zon is koud  The sun is cold 

Leraren staan 
voor de klas 

Teachers stand at 
the front of the 
class 

Duitsland is een 
land op de maan 

Germany is a country on 
the moon 

appEndix 2.2: indiViduaL data

Individual data for each participant are shown for the SoS 
intelligibility and comprehension tasks in Figure 8 and Figure 
9, respectively.
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Figure 8. Individual (small panels) and group (large panels) SoS 
intelligibility scores (experiment 1) plotted against ∆VTL for each value of 
∆F0. Top panels with light labels: CI data. Bottom panels with dark labels: NH 
data.
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Figure 9. CI (light grey panels) and NH (dark grey panels) performance 
on the SoS comprehension task (SVT; experiment 2). Individual data are 
shown in the small panels on the left labelled by each participant’s number, 
while group data is shown in the larger panels on the right. Panel A: Average 
percent correct scores as a function of increasing ∆F0 and ∆VTL. Panel B: 
Accuracy scores in d’. Panel C: RT data in seconds. Panel D: Drift rate data 
in arbitrary units per second.    
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AbstrAct

Understanding speech in the presence of two or more 
simultaneous talkers poses challenges for CI users. One possible 
cause of this limitation is the suboptimal representation of 
vocal cues delivered by the implant, such as the fundamental 
frequency (F0), and the vocal tract length (VTL) cue. Previous 
studies have suggested that VTL cues rely heavily on the 
spectral dimension of the speech signal. On the other hand, F0 
perception in implants can rely both on spectral and temporal 
cues. To clarify how spectral smearing in the implant affects 
vocal cue perception and speech-on-speech (SoS) intelligibility, 
parallel channels were added in the CI stimulation pattern to 
artificially increase channel interaction. The CI stimulation 
pattern was manipulated by adding simultaneously stimulated 
channels in 14 Advanced Bionics CI users. Three such patterns 
were created: Sequential stimulation (one channel consisting of 
2 adjacent electrodes were simultaneously stimulated at a time), 
Paired stimulation (2 such channels), and Triplet stimulation (3 
such channels). F0 and VTL just-noticeable differences (JNDs; 
task 1) and SoS intelligibility (task 2) and comprehension (task 
3) were measured for each stimulation strategy (Sequential vs. 
Paired vs. Triplet). In tasks 2 and 3, four different maskers 
were used: the same female talker, a male voice obtained by 
manipulating both F0 and VTL (F0+VTL) relative to the 
original female speaker, a voice where only F0 was manipulated, 
and a voice where only VTL was manipulated. JNDs were 
measured relative to the original voice for the F0, VTL, and 
F0+VTL manipulations. When spectral smearing was increased, 
a significant deterioration in performance was observed for 
all tasks, with no significant interaction effects between voice 
dimension and stimulation pattern for tasks 1 and 3. The lack of 
such an interaction suggests that degradations in performance 
for both tasks are persistent across the vocal dimensions (F0 
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and VTL) manipulated in this study. This pattern of results 
implies that if the spectral resolution is sufficiently impaired 
in the CI, temporal cues encoding partial F0 information may 
not be sufficient for proper perception of F0-related cues. With 
that said, CI users may be able to tolerate certain amounts 
of parallel channel stimulation without sufficient reduction in 
performance on tasks relying on voice cue perception. This 
points to possibilities for utilizing parallel stimulation strategies 
in CI devices for lower power consumption.

Keywords: channel interaction, voice, cochlear implant, F0, vocal tract 
length, spectral resolution, speech-on-speech
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1. introduction

Cochlear implants (CIs) are devices that can restore hearing 
in people suffering from profound hearing loss. Although many 
CI users obtain good speech performance in quiet, their speech 
intelligibility drops significantly in the presence of two or more 
simultaneous speakers (e.g., Cullington and Zeng, 2008). The 
performance of CI users in such a speech-on-speech (SoS) scenario 
has been shown in a previous study (El Boghdady et al., 2019) 
to be correlated with their sensitivity to two important voice 
cues defining the voices of the target and masker speakers: the 
fundamental frequency (F0) and the vocal tract length (VTL) 
of the speaker. 

The speaker’s F0 induces the percept of the voice pitch and 
is usually lower for adult males than adult females (Peterson 
and Barney, 1952; Smith and Patterson, 2005). These F0 cues 
are usually encoded in both the temporal envelope and the 
cochlear location of excitation (e.g., Carlyon and Shackleton, 
1994; Licklider, 1954; Oxenham, 2008), which gives these cues a 
spectrotemporal nature. 

The VTL correlates with the speaker’s physical (Fitch and 
Giedd, 1999) and perceived height (Ives et al., 2005; Smith et 
al., 2005), and is usually longer for adult males than for adult 
females. VTL cues are usually represented through the speech 
spectral envelope (Chiba and Kajiyama, 1941; Fant, 1960; 
Lieberman and Blumstein, 1988; Müller, 1848; Stevens and 
House, 1955). Shortening VTL results in the stretching of the 
spectral envelope towards higher frequencies on a linear frequency 
scale, while elongating VTL results in the compression of the 
spectral envelope towards lower frequencies. This means that 
VTL cues can be largely encoded in the relationship between the 
peaks in the spectral envelope of the signal. Hence, the adequate 
representation of both F0 and VTL cues would be expected to 
require sufficient spectrotemporal resolution.
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Information transmitted by the CI is usually 
spectrotemporally degraded (Fu et al., 1998; Fu and Nogaki, 
2005; Henry and Turner, 2003; Nelson and Jin, 2004; Winn et 
al., 2016). Spectrotemporal resolution in the implant depends on 
a number of factors, such as the amount of channel interaction 
between adjacent electrodes and the subsequent effective 
number of spectral channels (for a review, see Başkent et al., 
2016). Because of the conductive fluid filling the cochlea, current 
spreads between neighboring electrodes resulting in channel 
interaction (e.g. Boëx et al., 2003; De Balthasar et al., 2003; 
Hanekom and Shannon, 1998; Shannon, 1983; Townshend and 
White, 1987), and the subsequent reduction in the effective 
number of spectral channels. The literature has demonstrated 
that CI listeners do not usually have access to more than 8 
effective spectral channels (Friesen et al., 2001; Qin and 
Oxenham, 2003) and that significant channel interaction not 
only impairs speech and phoneme perception (e.g. Friesen et al., 
2001; Fu and Shannon, 2002; Qin and Oxenham, 2003), but also 
voice cues as well (Gaudrain and Başkent, 2015). In the latter 
study, Gaudrain and Başkent (2015), using vocoder simulations 
of CI processing, have demonstrated that as channel interaction 
increases (simulated as the shallowness of the vocoder filter 
slopes), the sensitivity to VTL cues deteriorates. Thus, the poor 
spectrotemporal resolution in CIs is also expected to influence 
voice differences between target and masker speakers in SoS 
scenarios.

This study aims at assessing the effects of such channel 
interaction (and resulting spectral resolution) on SoS and voice 
cue perception in CI listeners by using simultaneous stimulation 
of different channels. Beyond the purpose of understanding how 
crucial spectrotemporal cues are for F0, VTL, and SoS perception, 
there is also a potential benefit in using parallel stimulation, 
since it was originally proposed in the literature as a method of 
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reducing power consumption (e.g., Büchner et al., 2005; Frijns et 
al., 2009; Langner et al., 2017). One way of achieving this is to 
decrease the maximum stimulation current required to stimulate 
the auditory nerve. For instance, by stimulating two adjacent 
electrodes in the cochlea it is possible to reduce the amount of 
current by half to achieve the same loudness percept as that 
from single electrode stimulation, since the current is distributed 
between both electrodes. Additionally, it is possible to introduce 
simultaneously stimulated parallel channels, such as Paired (two 
pairs of simultaneous channels, with one channel consisting of 
2 adjacent electrodes simultaneously stimulated at a time) and 
Triplet stimulation (three pairs of simultaneous channels), to 
reduce the maximum current delivered by the implant by a 
factor of 17% and 44%, respectively. With Paired stimulation, 
it is possible to double the pulse duration with respect to 
Sequential stimulation (a single pair of simultaneous channels) 
without changing the stimulation rate of the implant. In terms 
of performance, Langner et al. (2017) showed no degradation of 
speech performance under stationary background noise for Paired 
stimulation. However, the same study also showed that increasing 
the number of parallel channels to three, such as in Triplet 
stimulation, causes a significant drop in speech intelligibility 
in comparison to Sequential stimulation. From these results, it 
was suggested that Paired stimulation may be a good candidate 
for reducing power consumption in CI users, however, more 
detailed speech performance measures are required to assess the 
potential effects of adding parallel channels (spectral smearing 
and channel interaction) on speech intelligibility. Thus, another 
goal of this study, if only degradations were to be observed, 
was to determine the level of parallel channel stimulation that 
could be acceptable for voice cue and SoS perception, without 
significant reduction in performance.

Three research questions were addressed in this study: 1) 
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whether increasing the number of parallel stimulated channels 
(increasing channel interaction) decreases the sensitivity to F0 
and VTL differences in CI users (task 1), and 2) whether this 
effect is also reflected as a reduction in SoS perception (tasks 
2 and 3). The expectations were that these effects should be 
larger for VTL compared to F0 perception, because VTL is a 
primarily spectral cue, while F0 cues could still be preserved in 
the temporal aspect of the signal even if the spectral component 
is compromised. The third research question was 3) whether 
some parallel channel stimulation could be deployed for reducing 
power consumption without significantly impairing voice cue 
and SoS perception.

2. methods

The methods for this study are largely similar to the ones 
described in El Boghdady et al. (2019) and identical to those in 
El Boghdady et al. (under review). Therefore, they are described 
briefly here. This study was approved by the institutional medical 
ethics committee of the Medizinische Hochschule Hannover 
(MHH) (Protocol number: 3266-2016).

2�1� Participants

Twelve native German CI users with Advanced Bionics 
(AB) devices were recruited from the clinical database of the 
Medizinische Hochschule Hannover (MHH) based on their clinical 
speech intelligibility scores in quiet and in noise. To ensure that 
participants could perform the SoS tasks, the inclusion criteria 
were to have a speech intelligibility score higher than 80% in 
quiet and 20% in noise at a +10 dB signal-to-noise ratio on 
the Hochmair-Schulz-Moser (HSM) sentence test (Hochmair-
Desoyer et al., 1997). Table 1 shows the demographics of the CI 
users. Only 8 (P05-P12) of the 12 participants participated in 
the SoS comprehension task. All participants were given ample 
information and time to consider the study before participation 
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and signed a written informed consent before data collection. 
Participation was voluntary, and travel costs were reimbursed.

Table 1.  Demographics for CI users recruited. All durations in years 
are calculated based on the date of testing. Progressive hearing loss refers to 
participants who experienced minimal hearing loss that gradually progressed 
until they fulfilled the criteria for acquiring a CI.

PARTICIPANT

NUMBER

 

 
GENDER 

AGE AT

TESTING

(Y)  
IMPLANT 

DURATION

OF DEVICE

USE (Y)  

DURATION

OF HEARING

LOSS (Y)  
ETIOLOGY 

CLINICAL

SPEECH-IN-
QUIET SCORES

(%)   

P01 M 20 Helix 4.0 0 Unknown 100 

P02 F 48 Helix 8.7 0.61 Acute 100 

P03 M 55 Mid-Scala 3.8 Progressive Unknown 96 

P04 M 58 Mid-Scala 2.5 Progressive Unknown 100 

P05 M 47 Mid-Scala 5.5 1.5 Acute 100 

P06 M 43 Helix 10.5 Progressive Acute 98.11 

P07 F 51 Helix 11.4 0 Genetic 90.56 

P08 F 70 Helix 2.6 5.24 Unknown 100 

P09 M 51 Mid-Scala 5.6 Progressive Unknown 95.25 

P10 F 46 Helix 9.6 Progressive Acute 100 

P11 F 49 Helix 8.2 0.05 Acute 70.75 

P12 M 65 Helix 10 Progressive Unknown 99.06 

2�2� Voice cue manipulations

F0 and VTL cues were manipulated relative to those of 
the original speaker of the corpus in each experiment using the 
Speech Transformation and Representation based on Adaptive 
Interpolation of weiGHTed spectrogram (STRAIGHT; Kawahara 
and Irino, 2005). Increasing/decreasing F0 in STRAIGHT is 
implemented by shifting the pitch contour of the original speech 
upwards/downwards by a number of semitones (12th of an octave; 
st) towards higher/lower frequencies relative to the average F0 
of the stimulus. Shortening/elongating VTL is implemented 
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by expanding/compressing the spectral envelope of the signal 
towards higher/lower frequencies.
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Figure 1. [∆F0, ∆VTL] plane, with the reference female speaker from 
task 2 shown as the solid black circle at the origin of the plane. Decreasing F0 
and elongating VTL yields deeper-sounding male-like voices, while increasing 
F0 and shortening VTL yields child-like voices. The dashed ellipses are based 
on the data from Peterson and Barney (1952), which were normalized to 
the reference female speaker, and indicate the ranges of typical F0 and VTL 
differences between the reference female speaker and 99% of the population. 
The red crosses indicate the voice vectors from the origin of the plane along 
which the JNDs were measured in task 1, and the 4 different combinations of 
∆F0 and ∆VTL used in both tasks 2 and 3.

Figure 1 shows the F0 and VTL values (red crosses) used in 
the current study on the [∆F0, ∆VTL] plane. The red crosses 
indicate the voice vectors (directions) from the origin of the plane 
along which the JNDs were measured in task 3 (along negative 
∆F0, along positive ∆VTL, and along the diagonal passing 
through ∆F0 = -12 st, and ∆VTL = +3.8 st). In addition, they 
represent the 4 combinations of F0 and VTL differences between 
the masker and target speakers in tasks 2 and 3. The solid black 
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circle at the origin on the plane indicates the voice of the original 
female speaker from the corpus used in task 2. The dashed 
ellipses encompass the range of relative F0 and VTL differences 
between the original female speaker and 99% of the population 
as calculated from the Peterson and Barney study (1952). This 
calculation was performed by normalizing the data provided by 
Peterson and Barney relative to the voice parameters of the 
original female speaker of the corpus, who had an average F0 of 
about 218 Hz and an estimated VTL of around 13.97 cm. The 
original female speaker’s VTL was estimated using the method 
of Ives et al. (2005) and the data from Fitch and Giedd (1999), 
assuming an average height of about 166 cm for the speaker 
based on growth curves for the German population (Bonthuis 
et al., 2012; Schaffrath Rosario et al., 2011). ∆VTL is oriented 
upside down to indicate that positive ∆VTLs yield a decrease in 
the frequency components of the spectral envelope of the signal.

Figure 2 shows the effect of manipulating F0 and VTL on 
the spectrograms of two German tokens. The rows represent 
the different tokens, while the column represent the voice 
manipulation [no manipulation (original female speaker), F0, 
VTL, or both F0 and VTL]. Notice that as F0 decreases, the 
number of glottal pulses also decreases, and as VTL is elongated, 
the spectral content of the signal is compressed towards lower 
frequencies along a linear frequency scale. In addition, decreasing 
F0 and elongating VTL together yield less glottal pulses which 
are also compressed towards lower frequencies.



111

Effect of channel interaction on vocal cue perception

Tim
e (s)

Frequency (Hz)

0

1000

2000

3000

4000

5000

6000

70000
0.04

0.08
0.12

0.16
Tim

e (s)
0

0.04
0.08

0.12
0.16

Tim
e (s)

0
0.04

0.08
0.12

0.16
-40

-30

-20

-10

0 10 20

Tim
e (s)

0
0.04

0.08
0.12

0.16

Amplitude (dB)

O
riginal fem

ale speaker
V

TL

Frequency (Hz)

0

1000

2000

3000

4000

5000

6000

7000

Tim
e (s)

0
0.05

0.1
0.15

Tim
e (s)

0
0.05

0.1
0.15

Tim
e (s)

0
0.05

0.1
0.15

-40

-30

-20

-10

0 10 20

Tim
e (s)

0
0.05

0.1
0.15

Amplitude (dB)

F0+V
TL

F0
V

TL

T
oken /gɔ/

F0

O
riginal fem

ale speaker
F0+V

TL

T
oken /da/

Figure 2. Spectrograms of two German tokens [/da/ (top row) and /
gɔ/ (bottom row)] shown for each voice. First column from left: original female 
speaker from the corpus; second column from left: effect of decreasing F0 by 
12 st on the spectrogram; third column from left: effect of elongating VTL 
by 3.8 st; fourth column from left: effect of both decreasing F0 by 12 st and 
elongating VTL by 3.8 st relative to the voice of the original female speaker.
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2�3� F120 Sound Coding Strategies (Sequential, 
Paired, and Triplet)

2.3.1. Fidelity F120 Sound Coding Strategy
The Fidelity 120 (F120) in Advanced Bionics devices is a 

sound coding strategy that processes the audio signal through 
an automatic gain control. Next, a spectral analysis is performed 
using a short time fast Fourier transform (STFFT) to compute 
the slow varying envelopes in each analysis band. In parallel, 
the spectrum is analyzed in more detail using a spectral peak 
locator to estimate the most dominant frequency component in 
each analysis band. Finally, the slowly-varying envelopes are 
logarithmically compressed into the electric dynamic range of each 
participant between the threshold and the most comfortable level. 
Each analysis band is assigned to two simultaneously stimulated 
electrodes [Figure 3 (B)]. The current ratio between these two 
electrodes is derived from the spectral peak locator forming a 
current steered – or virtual – channel. For a given analysis band 
k, a pair of electrodes are simultaneously stimulated, one with 
current Ik·α and the adjacent one with current Ik· (1-α), with 
Ik being the compressed current obtained from the envelope in 
analysis band k, and α being the current steering coefficient (0 
≤ α ≤ 1) derived from the spectral peak locator. Each analysis 
band k (k = 1,2,…,N) is stimulated sequentially [see Sequential 
stimulation panel in Figure 3 (C)], completing a stimulation 
cycle. The Advanced Bionics CI has 16 electrodes and the F120 
uses N = 15 analysis bands.

Figure 3 (A) provides the concept of monopolar stimulation 
with its associated voltage spread. Figure 3 (B) demonstrates 
the concept of current steering (virtual channel) stimulation. 
With Paired and Triplet stimulation [Figure 3 (C)], each pulse 
is extended with zero stimulation after the end of the second 
biphasic pulse to keep the stimulation rate on each channel 
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constant across sound coding strategies.
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Figure 3. Monopolar (panel A) and current steering stimulation 
principle (panel B) with the resulting voltage spread. Panel C: Exemplary 
stimulation cycle for the F120 Sequential, Paired, and Triplet strategies.

2.3.2. Current Reduction using Sequential, 
Paired, and Triplet Stimulation

For each participant in the study, the F120 Sequential was 
fitted adjusting the most comfortable level of each electrode 
individually. Next, the strategy was activated, and the participant 
asked to loudness scale the presentation of a sample sentence from 
the speech corpus used in task 2, which was calibrated to 65 dB 
SPL in free-field. This sentence was not used for data collection. 
The strategy was adjusted globally until the participant stated 
a comfortable loudness. Afterwards, the Paired or the Triplet 
sound coding strategies were fitted by globally adjusting the 
most comfortable level across all electrodes by the same amount 
starting from the Sequential map fitting while presenting the 
same sample sentence. Figure 4 presents the difference in dB 
between the most comfortable current levels using the Sequential 
and the Paired or the Triplet sound coding strategies.
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Figure 4. Current reduction in dB when fitting the Paired (left) or 
Triplet (right) strategies relative to Sequential to achieve the same loudness 
percept. The boxes extend from the lower to the upper quartile, and the 
middle line shows the median. The whiskers show the range of the data within 
1.5 times the inter quartile range (IQR). Diamond-shaped symbols denote the 
mean.

The plot demonstrates that the Sequential strategy requires 
higher currents than either the Paired or the Triplet strategies 
to elicit the same loudness percept, and that the Paired strategy 
requires higher current levels than the Triplet to reach most 
comfortable loudness, as was demonstrated by Langner et al., 
(2017). This is mainly due to the electrical interactions between 
the simultaneously stimulating channels, decreasing the necessary 
current to achieve the same loudness. These interactions depend 
on the number of and the distance between the stimulating 
channels. The channel stimulation rate was kept constant across 
strategies by introducing a non-stimulating zero-phase after the 
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end of the second phase of the biphasic pulse [see Figure 3 (C)]. 
This also implies the possibility of achieving additional reduction 
in power consumption, since an increase in the pulse duration 
requires much lower current levels to achieve the same loudness 
percept (Shannon, 1985, 1989) due to the resulting additional 
spread of excitation (McKay and McDermott, 1999). From 
this analysis, it can be concluded that adding parallel channels 
causes current smearing which, in turn, causes a reduction in 
the current levels required to achieve the same loudness percept, 
thus achieving the proposed current savings.

2�4� Task 1: F0 and VTL JNDs

2.4.1. Stimuli
Speech material from the Freiburg monosyllabic word 

test (Hahlbrock, 1953), which consisted of meaningful German 
monosyllabic words, were re-recorded for this study from an 
adult native German female speaker. The voice of the speaker 
had an estimated average F0 of 233 Hz and VTL of 13.9 cm 
based on her height (164 cm) using the data from Fitch and 
Giedd (1999). All recordings were equalized in root mean square 
(RMS) intensity.

Recordings were made in a sound-isolated anechoic chamber 
at the University Medical Center Groningen, NL, using a RØDE 
NT1-A microphone mounted on a RØDE SM6 with a pop-
shield (RØDE Microphones LLC, CA, USA). The microphone 
was connected to a PreSonus TubePre v2 amplifier (PreSonus 
Audio Electronics, Inc., LA, USA) with noise filtering below 80 
Hz. The amplifier output was recorded through the left channel 
of a DR-100 MKII TASCAM recorder (TEAC Europe GmbH, 
Wiesbaden, Germany) at a sampling rate of 44.1 kHz. Seventy-
five consonant-vowel (CV) syllables were manually extracted 
from the recorded words in the corpus, resulting in a list of 
combinations of the consonants [b, d, f, g, h, k, l, l,̩ m, n, p, ʁ, z, ʃ, 
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t, v, x, ts] and vowels [iː, oː, uː, a, ɛ, ɪ, ʊ, ɔ, eː].
A single trial consisted of concatenating three random CV 

syllables, with a 50-ms silence in between, to form a triplet 
of syllables. Within the trial, the same triplet of syllables was 
presented three times, with a 250 ms silence gap between each 
presentation. One of these three presentations was processed 
to have a different voice (lower F0, longer VTL, or both), as 
indicated by the vectors from the origin of the [ΔF0, ΔVTL] 
plane to the red crosses shown in Figure 1. All three presentations 
were resynthesized with STRAIGHT (Kawahara and Irino, 
2005), even when F0 and VTL were not manipulated. The task 
was to select the triplet that had a different voice with respect 
to the other two in an adaptive 3-interval, 3-alternative forced 
choice task (3I-3AFC).

2.4.2. Procedure
Following the paradigm used in a number of previous 

studies (e.g., El Boghdady et al., under review, 2018, 2019; 
Gaudrain and Başkent, 2015, 2018), JNDs in this experiment 
were measured along three voice vectors, as indicated by the red 
crosses in Figure 1, using a 2-down 1-up adaptive procedure. 
This adaptive procedure results in 70.7% correct responses on 
the psychometric function (Levitt, 1971). A JND measurement 
consisted of a number of trials: a trial started with the target 
(voice-manipulated) triplet having a difference of 12 st relative 
to the other two reference triplets. After the participant’s 
response, a new trial began with a triplet composed of different 
combinations of syllables than in the previous trial. If the 
participant was able to detect the voice-manipulated triplet 
correctly on two consecutive trials, the voice difference between 
the reference triplets and the voice-manipulated triplet was 
reduced by 4 st. Otherwise, if the participant was unable to 
correctly identify the voice-manipulated triplet, the difference 
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between the reference triplets and the voice-manipulated triplet 
was increased by the same step size. If the difference between 
the voice-manipulated and reference triplets became less than 
twice the step size, the step size was reduced by a factor of √2. 
The procedure terminated after 8 reversals and the JND was 
calculated as the mean of the last 6 reversals.

The JND measurement for each of the three voice vectors 
was repeated three times per strategy, resulting in a total of 27 
experimental conditions (3 voice vectors × 3 repetitions each 
× 3 coding strategies). Experimental conditions were blocked 
per strategy, meaning that a participant would perform all 
conditions for a given strategy before switching to the next one, 
and the order of the strategies was randomized per participant. 
Participants were blinded to the strategies tested.

Training was administered before the beginning of each 
strategy block with two voice vectors different than those used 
for data collection: [∆F0 = +5 st, ∆VTL = -7 st] and [∆F0 = -12 
st, ∆VTL = +3.8 st]. Each training condition was terminated 
after 6 trials, whether the algorithm had converged or not. 
Visual feedback was always provided.

2�5� Task 2: Speech-on-Speech Intelligibility

2.5.1. Stimuli
Stimuli taken from the German HSM sentence test (Hochmair-

Desoyer et al., 1997) were used for the SoS intelligibility task, 
which is composed of 30 lists with 20 sentences taken from 
everyday speech, including questions. Sentences in this corpus 
are made up of three to eight words, with a single list containing 
106 words in total. Lists 1-19 were used in this task and were 
previously recorded at the MHH from an adult native German 
female speaker, who had an average F0 of 218 Hz. All recordings 
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were equalized in RMS intensity.
Four different masking voices were created as shown in 

Figure 1: the same talker as the target female [resynthesized 
with ∆F0 = 0 st, ∆VTL = 0 st], a talker with a lower F0 relative 
to the target female [∆F0 = -12 st, ∆VTL = 0 st], a talker with 
a longer VTL relative to the target female [∆F0 = 0 st, ∆VTL 
= +3.8 st], and a talker with both a lower F0 and a longer VTL 
relative to the target female to obtain a male-like voice [∆F0 
= -12 st, ∆VTL = -3.8 st]. These conditions are referred to as 
Same Talker, F0, VTL, and F0+VTL, respectively, in the rest 
of this chapter. The parameters for F0 and VTL were chosen 
based on the findings of an earlier study, in which CI users 
showed reduced SoS intelligibility and comprehension when the 
voice of the masker was manipulated with parameters taken 
from the top-right quadrant in Figure 1 (El Boghdady et al., 
2019). However, when the authors in a later study (El Boghdady 
et al., under review) tested voices from the bottom-left quadrant 
in the [ΔF0, ΔVTL] plane, as performed in the current study, 
CI users demonstrated a benefit in SoS performance from those 
voice manipulations. 

Test sentences were taken from lists 1-8 and 16-19, while 
maskers were constructed from lists 9 and 10. Training sentences 
were obtained from lists 11, 12, and 13, with one list randomly 
assigned per strategy. All sentences assigned for constructing 
the maskers were processed offline before data collection using 
STRAIGHT, with all combinations of ∆F0 and ∆VTL highlighted 
above. For the Same Talker condition, the masker sentences were 
also processed with STRAIGHT, without changing F0 or VTL. 
All target sentences were not processed with STRAIGHT.

Within a trial, the masker sequence started 500 ms before 
the onset of the target sentence and ended 250 ms after the 
offset of the target. For the specific ∆F0 and ∆VTL combination 
within the trial, the masker was constructed from random 
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1-second-long segments selected from the masker sentences 
previously processed with STRAIGHT. A raised cosine ramp 
of 2 ms was applied to the beginning and end of each segment 
before concatenating them to form the masker sequence. Finally, 
both the beginning and end of the entire masker sequence were 
ramped using a 50-ms raised cosine ramp. 

Target sentences were calibrated at 65 dB SPL, and the 
intensity of the masker sequence was adjusted relative to that 
of the target to obtain the required target-to-masker ratio 
(TMR). The TMRs used for training and data collection in this 
task were set to +8 dB and +12 dB, respectively, following 
the protocol of El Boghdady et al. (2019). In that study, the 
authors demonstrated that a TMR of +8 dB has the potential of 
capturing group performance in the middle of the psychometric 
function (away from floor and ceiling effects). This value for the 
TMR was also validated using pilot measurements. The stimuli 
for all three experiments were sampled at 44.1 kHz, processed, 
and presented using MATLAB R2014b (The MathWorks, 
Natick, MA).

2.5.2. Procedure
The SoS paradigm for this experiment was based on that 

used by El Boghdady et al. (under review, 2019). A given trial 
consisted of presenting a single target-masker combination 
and the participant was asked to repeat what they heard from 
the target sentence. As in task 1, experimental conditions 
were blocked per strategy and the order of the strategies was 
randomized per participant.

A short training was provided for each strategy block, with 
both auditory and visual feedback. During the training phase of 
a given strategy, 12 sentences were randomly selected from the 
assigned training list: 6 sentences were presented in quiet, while 
the remaining 6 were presented with a competing masker.  The 
masker voice used for training was assigned different values for 
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ΔF0 and ΔVTL than those used during data collection (-6 st 
and +6 st, respectively).

Data collection was composed of a total of 240 trials for all 
three strategy blocks (20 sentences per list × 4 voice conditions 
× 3 strategies) generated offline prior to the beginning of the 
experiment. The trials within a strategy block were pseudo-
randomized. No feedback was provided, and the stimulus was 
presented once. The participants’ responses were scored on a 
word-by-word basis using a graphical user interface (GUI) 
programmed in MATLAB. Additionally, the verbal responses 
were recorded and stored as data files for later offline inspection.

Response words were scored in the following fashion: the 
German HSM sentences includes words that are hyphenated 
in the corpus, such as ‘Wochen-ende’ (weekend). These words, 
although written without the hyphen, are hyphenated in the 
HSM corpus to be scored separately. Only the part repeated by 
the participant was marked as correct. Additionally, the response 
word was also considered correct if a participant changed the 
order of the words in the sentence.

A response word was considered incorrect if only a part of 
the word was repeated for words that are not hyphenated in the 
HSM corpus, such as saying ‘füllt’ when the word was ‘überfüllt’ 
(crowded). Additionally, confusion of adjective form, e.g. saying 
‘keiner’ (‘not any’ as used with a masculine noun) instead of 
‘keine’ (‘not any’ as used with a feminine noun), or confusing 
the Dativ with the Akkusativ article, e.g. confusing ‘der’ with 
‘dem’ or ‘den’, was also considered incorrect. Confusion of verb 
tenses or incorrect verb conjugation was considered incorrect. 
A total of four scheduled breaks were programmed into the 
experiment script, however, participants were encouraged to ask 
for additional breaks whenever they felt necessary. 
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2�6� Task 3: Speech-on-Speech Comprehension

2.6.1. Stimuli
The voice conditions for the masker in this task were the 

same as defined in task 2. The masker sequence was created as 
described in task 2 from lists 9 and 10 from the HSM material. 
Target sentences were based on German translations of the 
Dutch sentence verification task (SVT) developed by Adank and 
Janse (2009) and designed to measure sentence comprehension 
accuracy and speed (RT). This corpus is composed of 100 pairs 
of sentences, with each pair composed of a true (e.g Bevers 
bouwen dammen in de rivier [Beavers build dams in the river]) 
and false version (e.g Bevers grooien in een moestuin [Beavers 
grow in a vegetable patch]). All sentences are grammatically and 
syntactically correct.

Translation from Dutch to German and the evaluation was 
performed thoroughly by three independent native German 
speakers: two of those speakers were also fluent in Dutch, 
while the third had sufficient knowledge of the language (see 
El Boghdady et al., under review for a full description of the 
translation procedure). One sentence pair lost its meaning when 
translated to German and was discarded from the translations, 
resulting in 99 true-false sentence pairs. The additional four 
sentence pairs introduced by El Boghdady et al., (2019) for 
training purposes were translated to German as well. Appendix 
A at the end of this dissertation (page 287) contains the Dutch 
SVT senstences along with their German translations. 

Recordings were made in the same manner and using the 
same setup as those described in task 1. Recordings were taken 
from an adult native German female speaker, with an average 
F0 of 180 Hz, and an estimated VTL of about 14.1 cm following 
the method provided by Ives et al. (2005) and the data from 
Fitch and Giedd (1999).



122

Chapter III

2.6.2. Procedure
Following the paradigm in previous studies for the SVT 

(Adank and Janse, 2009; El Boghdady et al., under review; 
Pals et al., 2016), participants were asked if the target sentence 
was true (labeled ‘WAHR’) or false (labeled ‘UNWAHR’) by 
pressing the corresponding button on a button-box as quickly 
and accurately as possible within a time window of 6 seconds. 
The window was larger than the one used in Pals et al. (2016), 
to accommodate the CI users and not prime them to guess on 
most trials. If the time window was exceeded, the response was 
recorded as a no-response, and the next stimulus was presented. 
RTs were measured relative to the offset of the resolving word in 
the stimulus as was done by El Boghdady et al., (under review).

As was done in tasks 1 and 2, trials were also blocked 
per strategy, with the starting strategy randomized across 
participants. A short training was provided at the beginning of 
each strategy block. Twelve fixed sentence pairs were assigned 
for training and were excluded from data collection. Out of these 
pairs (24 true-false sentences), four true and four false sentences 
were randomly picked and assigned to the training block of each 
strategy. No true-false pair was assigned to the same training 
block.

In each training block, 2 true and 2 false sentences were 
first presented without a competing masker, followed by the 
remaining 2 true and 2 false sentences, which were presented 
with a competing masker. This masker also had the same voice 
parameters as those of the training masker voice used in task 2 
and at the same training TMR of +12 dB. Both audio and visual 
feedback were provided: participants were shown if the sentence 
was true or false, and the sentence was shown on the screen 
while the whole stimulus was replayed through the loudspeaker. 

The remaining sentences not used for training were used 
for data collection. These sentences were distributed among 
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the number of conditions tested (4 masker voice conditions × 
3 strategies), and no true-false pair was assigned to the same 
condition. All stimuli were generated offline for all three strategy 
blocks and pseudo-randomized within each block. During data 
collection, no feedback was given.

3. results And discussion

All data were analyzed using R (version 3.3.3, R Foundation 
for Statistical Computing, Vienna, Austria, R Core Team, 2017), 
and regression models were implemented using the lme4 package 
(version 1.1-15, Bates et al., 2015). When multiple comparisons 
were carried out, as in the case of the post-hoc analyses, a false-
discovery rate (FDR) correction (Benjamini and Hochberg, 1995) 
was then applied to these p-values obtained from the multiple 
comparisons.
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3�1� Task 1: Effect of channel interaction on F0 and 
VTL JNDs
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Figure 5. JND distributions for F0, VTL, and F0+VTL cues obtained 
under each stimulation strategy: Sequential (dark grey boxes), Paired (light 
grey boxes), and Triplet (white boxes). F0: JNDs obtained along the negative 
F0 axis (lowering F0). VTL: JNDs obtained along the positive VTL axis 
(elongating VTL). F0+VTL: JNDs obtained along the diagonal passing 
through the combination F0 = -12 st, VTL = +3.8 st, simulating a male voice. 
The boxplot statistics are as indicated in Figure 4. The horizontal dashed line 
indicates a VTL difference of 3.8 st as used in the masker setup of tasks 2 and 
3. The horizontal dotted line indicates an F0 difference of 12 st as used in the 
masker setup of tasks 2 and 3.

Figure 5 shows the JND distributions across all participants 
obtained for each voice cue, and indicates, as expected, a trend 
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of worsening (increasing) JNDs as the amount of channel 
interaction increases (going from Sequential stimulation to 
Paired to Triplet). To investigate the general effect of channel 
interaction (stimulation strategy) on voice cue JNDs, a linear 
mixed-effects model (LMM) was fitted to the log-transformed 
JNDs. This transformation was performed because the raw 
JNDs are bounded by zero and thus do not follow a normal 
distribution. The model was defined with strategy and voice 
cue (F0, VTL, and F0+VTL), along with their interaction, as 
the fixed-effect predictors. Interaction effects were included in 
the model to test whether the effect of strategy changes for 
different voice cues. Differences in baseline performance between 
participants in addition to variations in the effect of strategy 
from one participant to another were accounted for in the 
linear model as random effects. To quantify the general effect of 
strategy on JNDs, a one-way type III repeated-measures analysis 
of variance (ANOVA) was applied to the aforementioned linear 
model and revealed a significant general effect of strategy on 
JNDs [F(2,11.21) = 4.70, p = 0.03], but no significant differences 
in JNDs between the different voice cues [F(2,13.35) = 1.98, p 
= 0.18]. The interaction effect between strategy and voice cue 
was also found to be non-significant [F(4,55) = 0.91, p = 0.47].

A similar LMM (including only a random intercept per 
participant as the random effect) was applied to each type of 
JND separately (F0, VTL, or F0+VTL) to study how stimulation 
strategy (channel interaction) affects each individual voice cue. 
A similar ANOVA to the one applied on the general model above 
was also applied here to each model separately, and p-values were 
then adjusted for multiple comparisons using the False Discovery 
Rate (FDR) method (Benjamini and Hochberg, 1995). These 
ANOVAs revealed that the general effect of strategy observed in 
the general model arose from a significant effect of strategy on 
F0 JNDs [F(2,22) = 4.59, p = 0.03] and F0+VTL JNDs [F(2,22) 
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= 4.56, p = 0.03], but not on VTL JNDs [F(2,22) = 1.23, p = 
0.31].  

The post-hoc analyses of these tests revealed that F0 
JNDs increased by about 1.44 st as the strategy changed from 
Sequential to Triplet [β = 0.36, SE = 0.13, t(22) = 2.87, p = 
0.03], but did not seem to be affected by Paired stimulation [β 
= 0.07, SE = 0.13, t(22) = 0.59, p = 0.56]. On the contrary, 
VTL JNDs were neither affected by Paired [β = 0.12, SE = 0.12, 
t(22) = 1.01, p = 0.39] nor by Triplet stimulation [β = 0.19, SE 
= 0.12, t(22) = 1.54, p = 0.21] compared to Sequential. Finally, 
the participants’ JNDs to differences along both F0 and VTL 
(F0+VTL condition) also significantly increased (worsened) by 
about 1.35 st when the stimulation strategy was changed from 
Sequential to Triplet [β = 0.37, SE = 0.12, t(22) = 3.02, p = 
0.03] but not from Sequential to Paired [β = 0.19, SE = 0.12, 
t(22) = 1.57, p = 0.21]. 

Taken together, these results indicate that when mild 
channel interaction exists, as was the case when Paired 
stimulation was compared to Sequential, sensitivity to voice 
cue differences was not significantly affected. However, as the 
channel interaction dramatically increased, as was the case 
with Triplet stimulation, sensitivity to voice cue differences 
was reduced. Because no significant interaction effect between 
stimulation strategy and voice cue was observed in the overall 
model, the effect of strategy should not be expected to differ 
for each voice cue. The fact that post-hoc analyses revealed 
no significant effect of strategy on VTL JNDs may have arose 
from the relatively smaller differences in VTL JNDs across all 
three strategies compared to the F0 differences, even though 
a trend for worsening VTL JNDs could be observed. In an 
earlier study with vocoders, Gaudrain and Başkent (2015) have 
shown that when the number of effective spectral channels was 
sufficient, increasing channel interaction (shallower vocoder 
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filters) did not lead to a significant worsening of VTL JNDs. 
Thus, an alternative explanation for these findings could be 
that the participants tested in the current study already had 
sufficient effective spectral channels which might have mitigated 
the detrimental effects of increased channel interaction.

A second observation concerns the effect of channel 
interaction on F0 JNDs. Because F0 information is encoded 
in both spectral and temporal cues (Carlyon and Shackleton, 
1994), it was expected that the representation of F0 should have 
been robust to spectral degradations introduced by increased 
channel interaction. However, F0 cues were shown to be impaired 
by increased channel interaction, indicating that the temporal 
aspect of these cues could not provide adequate F0 information 
for the CI listeners to reach the same JNDs as in the condition 
of minimal channel interaction (Sequential stimulation). These 
findings indicate that an adequate spectral resolution in the 
implant would be crucial for transmitting both F0 and VTL-
related cues.

3�2� Task 2: Effect of channel interaction on SoS 
intelligibility

Figure 6 shows the distribution of SoS intelligibility scores 
across participants for each masker voice condition under each 
stimulation strategy. The scores in this figure were computed 
as the percentage of correctly-repeated words out of the total 
number of words presented per condition. The data demonstrates 
that even though there is a large variability in performance across 
the CI participants for each stimulation strategy (left panel), 
there appears to be a trend for decreasing SoS intelligibility 
scores as the amount of channel interaction increases (going 
from Sequential stimulation to Paired to Triplet). In addition, 
the representation of the data in the right panel reveals that 
the degree of benefit in SoS intelligibility scores obtained from 
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changing the masker voice relative to that of the target seems to 
decrease as the amount of channel interaction increases.
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Figure 6. Left panel: SoS intelligibility score distribution across 
participants under each stimulation strategy (Sequential: dark grey; Paired: 
light grey; Triplet: white) for each masker voice condition. Right panel: same 
as left panel but demonstrating the effect of changing the masker voice for each 
stimulation strategy. Same Talker: the condition when the target and masker 
were the same female speaker (∆F0 = 0 st, ∆VTL = 0 st). F0: the condition 
when the masker had a lower F0 (∆F0 = -12 st, ∆VTL = 0 st) relative to that 
of the target speaker. VTL: the condition when the masker had a longer VTL 
(∆F0 = 0 st, ∆VTL = +3.8 st) relative to that of the target. F0+VTL: the 
condition when the masker had both a lower F0 and a longer VTL (∆F0 = -12 
st, ∆VTL = +3.8 st) relative to those of the target. The boxplot statistics are 
the same as described in Figure 4.

The binary per-word scores (0: incorrect; 1: correct) were 
modelled using logistic regression as implemented by a generalized 
linear mixed-effects model (GLMM) with a logit link function. 
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The logistic regression model was fit to the binary per-word score 
with strategy and masker voice, along with their interaction, as 
the fixed-effects. The interaction between stimulation strategy 
and masker voice was included to test for the significance of the 
effect observed in the right panel of Figure 6, in which the degree 
of benefit in SoS intelligibility scores obtained from changing 
the masker voice seems to diminish as the amount of channel 
interaction increases. The GLMM was also defined to estimate 
a random intercept per participant to account for differences 
in baseline performance across participants. Additionally, 
random effects for strategy per participant and masker voice 
per participant were also included in the model to account for 
variations in the effect of strategy and masker voice on SoS 
intelligibility across participants. 

As with the analyses of the JND task, an ANOVA (car 
package; Fox and Weisberg, 2011) was applied to the GLMM 
to test for the global effect of strategy, masker voice, and their 
interaction on the SoS intelligibility scores. Because this ANOVA 
is applied to a logistic regression model, the output is a table of 
chi-squared (χ2) tests performed on the fixed-effects of the model 
instead of the traditional F-test statistics. The ANOVA revealed 
a significant effect of stimulation strategy [χ2(2) = 27.29, p < 
0.0001], masker voice [χ2(3) = 36.32, p < 0.0001], and their 
interaction [χ2(6) = 37.34, p < 0.0001].

A post-hoc analysis was conducted using an ANOVA 
applied to the logistic regression model for the effect of strategy 
under each voice cue separately with FDR correction applied 
to the p-values. This analysis revealed that SoS intelligibility 
decreased as a function of increasing channel interaction for the 
Same Talker condition [χ2(2) = 9.34, p = 0.01], F0 condition 
[χ2(2) = 8.99, p = 0.01], VTL condition [χ2(2) = 26.39, p < 
0.0001], and F0+VTL condition [χ2(2) = 34.69, p < 0.0001] 
(see left panel of Figure 6). These effects seemed to arise from 
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the significant reduction in SoS intelligibility under Triplet 
stimulation compared to Sequential for most voice conditions 
[Same Talker: β = -0.68, SE = 0.23, z = -2.92, p = 0.009; F0: β = 
-0.53, SE = 0.28, z = -1.91, p = 0.11; VTL: β = -1.00, SE = 0.26, 
z = -3.81, p < 0.001; F0+VTL: β = -1.03, SE = 0.20, z = -5.16, 
p < 0.0001], but not between Paired and Sequential stimulation 
as obtained from the coefficients of the logistic regression model 
[Same Talker: β = 0.05, SE = 0.22, z = 0.23, p = 0.82; F0: β = 
-0.10, SE = 0.22, z = -0.44, p = 0.75; VTL: β = -0.12, SE = 0.26, 
z = -0.45, p = 0.75; F0+VTL: β = -0.38, SE = 0.24, z = -1.59, 
p = 0.18]. Consistent with the observations from the JND data, 
a consistent reduction in SoS intelligibility was observed with 
increasing channel interaction for all voice conditions. Thus, as 
channel interaction increases, spectrotemporal features that are 
important for both voice cue perception and SoS intelligibility 
appear to be degraded.

The significant interaction effect from the global ANOVA 
indicates that the benefit in SoS intelligibility obtained from 
changing the masker voice cues relative to those of the target 
was affected by the amount of channel interaction: as the 
channel interaction increased (going from Sequential stimulation 
to Paired to Triplet), the benefit obtained from the voice 
differences between masker and target speakers (going from 
Same Talker to F0 to VTL and then to F0+VTL) decreased 
significantly (see right panel of Figure 6). In the Triplet case, the 
SoS intelligibility score for the baseline condition (Same Talker) 
was severely reduced compared to the same condition under 
Sequential stimulation. In addition, the largest benefit obtained 
from the condition F0+VTL under Triplet stimulation was 
almost the same as the mean intelligibility score for the Same 
Talker condition under either Sequential or Paired stimulation.

These findings reveal that substantial channel interaction 
may sufficiently degrade the signal to the extent that a benefit 
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in SoS intelligibility from voice cue differences between two 
concurrent speakers may be impaired. Moreover, consistent to 
what has been observed in the JND task, CI participants appear 
to withstand mild channel interaction without a significant drop 
in their performance levels. However, as the channel interaction 
becomes more substantial, as is the case when Triplet stimulation 
is applied, overall SoS intelligibility scores start decreasing 
dramatically.

3�3� Task 3: Effect of channel interaction on SoS 
comprehension accuracy and response times

Figure 7 shows the SoS comprehension performance for 
each masker voice under each stimulation strategy. The right 
panel shows the effect of strategy on SoS comprehension 
accuracy converted to the sensitivity measure d’, computed as 
the ratio between the hit rate and the false alarm rate (Green 
and Swets, 1966). The d’ measure was used instead of percent 
correct because the d’ is unbiased to a participant’s particular 
preference for one response at the expense of the other. The 
large inter-participant variability appears to dilute the effect of 
strategy. As with the analyses applied to the data of the previous 
two tasks, an LMM was fit to the d’ data with strategy, masker 
voice, and their interaction as the fixed effects, and a random 
intercept per participant. Adding random slopes for the effect 
of strategy per participant and masker voice per participant 
did not improve the model fit to the data [χ2(20) = 15.58, p = 
0.74], and was thus not included in the final LMM. An ANOVA 
similar to that applied to the LMM in the JND task was also 
applied to the LMM modeling the d’ data and revealed no effect 
of strategy [F(2,77) = 2.68, p = 0.07], masker voice [F(3,77) = 
1.82, p = 0.15], or their interaction [F(6,77) = 1.20, p = 0.31] on 
the d’ accuracy scores.



132

Chapter III

0

1

2

3

Same Talker F0 VTL F0+VTL

S
oS

 c
om

pr
eh

en
si

on
 a

cc
ur

ac
y 

(d
’)

Masker voice

1

2

3

Same Talker F0 VTL F0+VTL
Masker voice

R
T 

(s
)

−0.4

−0.2

0.0

0.2

Same Talker F0 VTL F0+VTL

D
ri

ft
 R

at
e 

(u
ni

ts
/s

)

Strategy
Sequential
Paired
Triplet

Masker voice

Figure 7. SoS comprehension accuracy in d’ (left panel), RT (middle 
panel), and drift rate (right panel) for each masker voice condition under each 
stimulation strategy. Boxplot statistics and description of conditions are the 

same as those described in the caption of Figure 4.

The middle panel of Figure 7 shows the RT distributions 
obtained for each masker voice condition under each of the 
three stimulation strategies. Again, because of the large inter-
participant variability, the effect of strategy on RTs is not evident. 
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Because the RTs considered were those corresponding to only 
the correct responses, the number of RT data points differed 
across participants and conditions, which rendered the use of 
an ANOVA inappropriate. Additionally, the RT distributions 
per participant per condition were largely positively skewed. For 
these reasons, a GLMM with an inverse Gaussian distribution 
and inverse link function was fit to the RT data, as was 
suggested by Lo and Andrews (2015), and as was carried out 
by El Boghdady et al. (El Boghdady et al., under review, 2019). 
The GLMM best fitting the RT data included strategy, masker 
voice, and their interaction as the fixed-effects, in addition to 
random intercepts per participant. Including a random slope 
for strategy and masker voice per participant did not improve 
the overall model fit [Akaike information criterion (AIC) = 
4213.03 and Bayesian information criterion (BIC) = 4362.18 for 
the model with random slopes versus AIC = 4205.78 and BIC 
= 4267.19 for the model without random slopes]. An ANOVA 
applied to the GLMM best fitting the RT data did not reveal 
any effect of strategy [χ2(2) = 0.006, p = 0.997], masker voice 
[χ2(3) = 0.049, p = 0.997], or their interaction [χ2(6) = 0.167, p 
= 0.9999] on RTs.

In this task, no effect of strategy could be observed either 
for SoS comprehension accuracy or RTs when each measure 
was considered in isolation. Qualitatively, this implies that 
participants may be compromising accuracy for speed or vice 
versa, and that these response strategies differ per condition. 
Consider, for example, the d’ accuracy scores and RT data for 
the VTL condition. It appears that as participants give less 
accurate scores as the channel interaction increases, they also 
become faster at giving these responses. However, this response 
strategy seems to change for the condition F0+VTL. In that 
condition, as channel interaction increases, participants also give 
less accurate responses, but they do so at slower speeds.
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Thus, to address this speed-accuracy trade-off, a more unified 
measure of performance called the drift rate is helpful (for a 
review, see Ratcliff et al., 2016), and would be more suitable for 
assessing changes in difficulty level across the different conditions 
(Wagenmakers et al., 2007). The drift rate, as shown in the right 
panel of Figure 7, estimates the participants’ accuracy rate for 
each condition, and was computed using the EZ-drift diffusion 
model (EZ-DDM; Wagenmakers et al., 2007), which is a simplified 
version of the full  model proposed by Ratcliff (1978). It was not 
possible to fit full diffusion models, such as that provided in the 
R package diffIRT (Molenaar et al., 2015) to the data from this 
task because the nature of the paradigm used introduced entries 
with missing data, as described in the methods section. In this 
situation, the simplified EZ-DDM model was more appropriate.     

The EZ-DDM makes three assumptions about the data: 1) 
the RT distributions are positively skewed for each condition 
(strategy and masker voice); 2) There are no differences 
between the RT distributions of correct and incorrect responses 
for each participant under each condition; 3) No significant 
interaction should be present between response accuracy and 
stimulus category (true/false categories). Following the method 
proposed by Wagenmakers et al. (2007) for checking whether 
these assumptions are met by the data, the check performed 
on the first assumption revealed that the RT distributions were 
positively skewed.

For assumptions 2 and 3, because they were required to be 
checked for each participant under every condition, there were a 
few participants who failed the checks for a number of conditions, 
as was also the case with the data analyzed by Wagenmakers et al. 
(2007). For assumption 2, P06 failed this check for 2 conditions, 
P07 and P08 failed this check for one condition, and P10 and 
P11 failed this check for 4 conditions. This indicates that for 
these conditions, the participants may have had systematically 
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slower or faster error responses compared to correct responses. 
For assumption 3, only P07, P08, P10, and P11 failed this 

check for one condition. This indicates that for this condition, 
P07, P08, P10, and P11 may have had some bias to classify 
a stimulus as true or false. Nonetheless, the EZ-DDM was 
still applied here to obtain an approximation for the drift 
rate. This was motivated by the fact that the sample data 
used by Wagenmakers et al. also violated the aforementioned 
assumptions to a larger degree than the data presented in the 
current manuscript, however, Wagenmakers et al. demonstrated 
that the EZ-DDM was still able to provide reasonable estimates 
to the drift rate that were in line with those obtained from the 
full diffusion model.  

An LMM was fit to the drift rate data, with strategy, 
masker voice, and their interaction as fixed effects, and with 
random intercepts estimated per participant as the random 
effect. Attempting to include a random slope for strategy per 
participant and masker voice per participant yielded a non-
converging model, and thus were not included in the final LMM. 
An ANOVA applied to the final LMM revealed a significant 
effect of strategy [F(2,70.21) = 4.30, p = 0.02] and masker voice 
[F(3,70.15) = 3.11, p = 0.03] on the drift rate, but not of the 
interaction term on the drift rate [F(3,70.10) = 0.84, p = 0.54]. 
This indicates that as the channel interaction increases, and as 
the voice difference between masker and target increases, the 
accuracy rate on the SVT task appears to decrease, which is in 
line with the results observed in task 2.

4. conclusion

This study investigated whether increasing channel 
interaction as a result of simultaneously stimulating multiple 
channels in the CI would lead to a reduced sensitivity to F0 
and VTL cues (task 1), and correspondingly, reduced SoS 
intelligibility and comprehension performance (tasks 2 and 3). 
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The data from task 1 — JND — revealed that, in line with 
what was expected, increasing channel interaction significantly 
reduced CI users’ sensitivity to voice cues (both spectral and 
temporal features), as demonstrated by the main effect of 
stimulation strategy in addition to a lack of interaction effect 
between voice cue and stimulation strategy. 

The data from task 2 — speech-on-speech intelligibility — 
demonstrated an effect of channel interaction, a benefit from 
voice differences between target and masker speakers, and a 
significant interaction effect between these two factors. Compared 
to Sequential stimulation, increasing the channel interaction 
was shown to impair SoS intelligibility scores only for Triplet 
stimulation but not for Paired stimulation. This indicates that 
for mild cases of channel interaction, baseline SoS intelligibility 
could still be maintained. However, for more extreme cases of 
channel interaction, as in the case of Triplet stimulation, SoS 
intelligibility scores become severely degraded. In addition, the 
lack of detrimental effect of Paired stimulation on voice cue 
sensitivity and SoS intelligibility provides evidence that parallel 
stimulation could be utilized as a method for reducing power in 
CIs without impairing performance on tasks relying on voice cue 
perception.

The voice parameters for F0 and VTL assigned for 
the maskers in this study (starting from a female voice and 
approaching a male-like voice) yielded a benefit in SoS 
intelligibility. In a previous study (El Boghdady et al., 2019), 
the authors demonstrated that voice parameters taken from the 
top-right quadrant of the [ΔF0, ΔVTL] plane (towards child-
like voices) failed to provide release from masking for CI users, 
even though the differences between those child-like voices and 
the reference female speaker were larger than those between 
the male-like voices and the reference female speaker in the 
current study. Taken together, these data indicate that CI users 
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may benefit differently from voice cue differences depending 
on which speaker space is covered. However, this benefit from 
voice differences between target and masker is reduced as the 
amount of channel interaction increases, as was demonstrated 
by the significance of the interaction effect observed between 
stimulation strategy and voice cue. This means that as channel 
interaction becomes substantial, CI listeners may not be able to 
benefit from voice cue differences between competing talkers in 
SoS scenarios.

The data from task 3 — speech-on-speech comprehension 
— also corroborated the findings from the previous two 
tasks regarding the effect of channel interaction. Although 
comprehension accuracy and RT measures revealed no effect of 
either channel interaction or voice cue, the drift rate measure 
was able to demonstrate a detrimental, albeit small, effect of 
increased channel interaction and masker voice. These findings 
support the idea that drift rate as a combined measure of 
comprehension accuracy and speed may provide insight into the 
data that may not be initially visible in either accuracy or RT 
measures alone.

The findings from this study highlight the importance of 
spectrotemporal resolution when performing tasks that depend 
on voice-cue perception. This raises the question of whether CIs 
could be fitted with the goal of mitigating the effect of decreased 
spectrotemporal resolution that may arise from channel 
interaction. Several studies (e.g., Di Nardo et al., 2011; El 
Boghdady et al., 2018; Fitzgerald et al., 2013; Fu and Shannon, 
1999; Grasmeder et al., 2014; Leigh et al., 2004; McKay and 
Henshall, 2002, 2002; Omran et al., 2011) have proposed that 
optimizing the frequency-to-electrode allocation map could 
have the potential to address the limited spectral resolution 
in the implant. More specifically, using vocoder simulations, 
El Boghdady et al. (2018) have shown that the frequency-to-
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electrode allocation map could have a direct influence on VTL 
JNDs, and that the frequency mapping, if optimally fitted, 
could help reduce the detrimental effects of channel interaction 
and frequency mismatch in the cochlea on VTL JNDs. These 
studies help to pave the way for investigating whether the CI 
parameters (such as the frequency allocation map) or signal 
processing could be optimized in a way to improve both SoS 
perception and the sensitivity to voice cues.
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AbstrAct

Objectives: Speech intelligibility in the presence of a 
competing talker (speech-on-speech; SoS) presents difficulties 
for cochlear implant (CI) users compared to normal hearing 
listeners. A recent study implied that these difficulties may be 
related to the CI users’ low sensitivity to two fundamental voice 
cues, namely, the fundamental frequency (F0) and the vocal tract 
length (VTL) of the speaker. Because of the limited spectral 
resolution in the implant, important spectral cues carrying F0 
and VTL information are expected to be distorted. This study 
aims to address two questions: 1) whether spectral contrast 
enhancement (SCE), previously shown to enhance CI users’ 
speech intelligibility in the presence of steady-state background 
noise, could also improve CI users’ SoS intelligibility, and 2) 
whether such improvements in SoS from SCE processing are 
due to enhancements in CI users’ sensitivity to F0 and VTL 
differences between the competing talkers. 

Design: The effect of SCE on SoS intelligibility and 
comprehension was measured in two separate tasks in a sample 
of 14 CI users with Cochlear devices. In the first task, the CI 
users were asked to repeat the sentence spoken by the target 
speaker in the presence of a single competing talker. The 
competing talker was initially the same target speaker whose 
F0 and VTL were parametrically manipulated to obtain the 
different experimental conditions. SoS intelligibility, in terms 
of the percentage of correctly-repeated words, was assessed 
using the standard advanced combination encoder strategy 
(ACE) and SCE for each voice condition. In the second task, 
SoS comprehension accuracy and response times were measured 
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using the same experimental setup as in the first task, but 
with a different corpus. In the final task, CI users’ sensitivity 
to F0 and VTL differences were measured for the ACE and 
SCE strategies. The benefit in F0 and VTL sensitivity threshold 
reduction obtained from SCE was checked for correlations with 
the benefit in SoS perception improvement obtained from SCE.

Results: While SCE demonstrated the potential of 
improving SoS intelligibility in CI users, this effect appeared 
to stem from SCE improving the overall signal-to-noise ratio 
in SoS rather than improving the sensitivity to the underlying 
F0 and VTL differences. A second key finding of this study was 
that, contrary to what has been observed in a previous study for 
children-like voice manipulations, F0 and VTL manipulations of 
a reference female speaker towards male-like voices provided a 
significant release from masking for the CI users tested.

Conclusions: The present findings, together with those 
previously reported in the literature, indicate that SCE could 
serve as a possible background-noise-reduction strategy in 
commercial CI speech processors that could enhance speech 
intelligibility in various types of background interferences.

Keywords:  speech-on-speech; voice; pitch; vocal tract length; cochlear 
implant; spectral contrast enhancement
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1. introduction

Understanding speech in the presence of background 
interference is quite challenging for cochlear implant (CI) users 
compared to normal hearing (NH) listeners (e.g., El Boghdady 
et al. 2019; Friesen et al. 2001; Fu et al. 1998; Stickney et al. 
2004). In such scenarios, a listener attempts to extract relevant 
spectrotemporal information from the target speech while trying 
to suppress interference from the background masker (for a 
review, see Assmann & Summerfield 2004; Brungart et al. 2006). 
NH listeners have been shown to utilize spectral dips or temporal 
modulations in fluctuating maskers to obtain higher target-speech 
intelligibility and release from masking (Cullington & Zeng 2008; 
Duquesnoy 1983; Festen & Plomp 1990; Gustafsson & Arlinger 
1994; Nelson et al. 2003). Unmodulated (steady-state) noise 
which is spectrally matched to the long-term average spectrum 
of the target speech (speech-shaped noise; SSN) was found to 
yield less release from masking for NH listeners compared to 
amplitude modulated (fluctuating) SSN (Nelson et al. 2003) and 
speech maskers (Cullington & Zeng 2008; Turner et al. 2004). 
On the contrary, CI users appear to make no use of such dips; 
modulations introduced in SSN maskers produced no release 
from masking (Nelson et al. 2003), while competing speech was 
observed to be generally much worse than SSN (Cullington & 
Zeng 2008; Stickney et al. 2004).

The question thus arises, why CI users, on average, find 
speech maskers to be more challenging than SSN while NH 
listeners experience release from masking from speech maskers 
compared to SSN maskers? A possible explanation for these 
observations could be that NH listeners utilize voice differences 
between talkers in multi-talker settings (e.g. Brungart 2001; 
Cullington & Zeng 2008; Darwin et al. 2003; El Boghdady et 
al. 2019; Stickney et al. 2004), however, CI users seem to derive 
little or no benefit from such voice differences (Cullington & 
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Zeng 2008; El Boghdady et al. 2019; Stickney et al. 2004). In 
fact, a recent study has shown that such speech-on-speech (SoS) 
perception in CI listeners is linked to their sensitivity to two 
fundamental voice cues, namely the fundamental frequency (F0) 
and the vocal tract length (VTL) of the speaker (El Boghdady et 
al. 2019). This study demonstrated that the lower the CI users’ 
sensitivity to both of these two cues, the lower their overall SoS 
performance was. Yet unlike NH listeners, CI users, on average, 
still did not benefit from the voice manipulation that increased 
F0 and VTL differences between the two competing talkers. 

The speaker’s F0 is responsible for the percept of the voice 
pitch and is usually higher for adult females than adult males 
(Peterson & Barney 1952; Smith & Patterson 2005). Such F0 
cues can be encoded in both the temporal envelope and the 
cochlear location of excitation (e.g. Carlyon & Shackleton 1994; 
Licklider 1954; Oxenham 2008). The speaker’s VTL correlates 
with their physical (Fitch & Giedd 1999) and perceived height 
(Ives et al. 2005; Smith et al. 2005), and is usually shorter for 
adult females than for adult males. Such VTL cues are usually 
represented in the relationship between the spectral peaks 
(formants) and spectral valleys (Chiba & Kajiyama 1941; Fant 
1960; Lieberman & Blumstein 1988; Müller 1848; Stevens & 
House 1955). Shortening VTL results in the stretching of the 
spectral envelope towards higher frequencies on a linear frequency 
scale, while elongating VTL results in the compression of the 
spectral envelope towards lower frequencies. Thus, while F0 cues 
have a spectrotemporal representation, VTL cues are mainly 
spectral in nature. Hence, the adequate representation of these 
two cues would be expected to require sufficient spectrotemporal 
resolution. However, because of the limited spectrotemporal 
resolution of the implant (Fu et al. 1998; Fu & Nogaki 2005; 
Nelson & Jin 2004), the transmission of F0 and VTL cues 
in CI devices is expected to be impaired. This idea has been 
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directly tested in vocoder simulations of CI processing with NH 
listeners so as to better control the parameters of the simulated 
spectrotemporal degradation. In one such study, Gaudrain 
and Başkent (2015) modeled the effective number of spectral 
channels and channel interaction as the number of vocoder 
channels and filter-slope shallowness, respectively. The authors 
have shown that, in line with what is expected, as the number 
of spectral channels decreases, and as the channel interaction 
increases, the sensitivity to VTL cues deteriorates. Supporting 
these observations from vocoder studies, a later study by 
the same authors showed that, compared to NH listeners, CI 
users have particularly poor sensitivities to both F0 and VTL 
differences (Gaudrain & Başkent 2018; Zaltz et al. 2018), which 
is also in line with CI users’ reported abnormal use of these voice 
cues, especially VTL, for gender categorization (e.g., Fuller et al. 
2014; Meister et al. 2016) and SoS perception (El Boghdady et 
al. 2019; Pyschny et al. 2011). Thus, the poor spectrotemporal 
resolution in CIs is also expected to influence the utilization of 
voice differences between target and masker speakers in SoS 
scenarios.

Spectral contrast enhancement (SCE) algorithms, which 
attempt to improve the contrast between spectral peaks and 
valleys in the signal, have been proposed as a method for 
mitigating the detrimental effects of the limited spectrotemporal 
resolution in the implant. This has been supported by the 
observation that CI users require higher spectral contrast than 
NH listeners to correctly identify synthetic vowels (Loizou & 
Poroy 2001): a task which relies mainly on spectral resolution. To 
that end, SCE algorithms have been shown to provide small but 
significant improvements in speech intelligibility in steady-state 
SSN maskers (e.g., Baer et al. 1993; Bhattacharya et al. 2011; 
Bhattacharya & Zeng 2007; Chen et al. 2018; Nogueira et al. 
2016). Baer et al.’s (1993) SCE algorithm was shown to provide 
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significant improvements in speech intelligibility in steady-state 
SSN for hearing-impaired listeners for moderate degrees of 
spectral enhancement. Later, Turicchia and Sarpeshkar (2005) 
proposed a compressing-expanding (companding) strategy 
that provided SCE as an emergent property and argued for 
its potential to improve speech intelligibility in background 
noise. The parameters for this companding strategy were fit in 
later studies and provided significant improvements in speech-
in-noise intelligibility when tested with vocoder simulations 
of CI processing (Oxenham et al. 2007), or with NH and CI 
listeners (Bhattacharya et al. 2011; Bhattacharya & Zeng 2007). 
Yet, these aforementioned algorithms were implemented as 
a front-end stage that pre-processed all stimuli offline before 
they could be processed through the CI speech processor. 
Such front-end processing blocks make it difficult to control 
the exact amount of SCE applied to the stimulus, since the 
CI processing pathway contains multiple non-linear operations, 
such as adaptive gain control (AGC). To address these issues, 
a real-time implementation based on the algorithm from Loizou 
and Poroy (2001) was developed by Nogueira et al. (2016) as 
an extra processing stage in the signal processing pathway of 
the standard advanced combination encoder (ACE) strategy 
typically used in Cochlear (Cochlear Limited, Sydney, Australia) 
devices. Such an implementation provides better control for 
the amount of SCE applied to the stimuli and provides easier 
testing in real-time with CI users and was hence used in the 
current study. Consistent with the findings reported by Baer et 
al. (1993) for hearing-impaired listeners, Nogueira et al. (2016) 
also showed that for moderate degrees of spectral enhancement, 
improvements in speech intelligibility in SSN were observed for 
CI users when the output from their SCE strategy was matched 
in loudness to that of the control ACE strategy. Yet, it remains 
unknown whether SCE can improve speech intelligibility when 
the target speaker is masked by another competing talker (SoS), 
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a situation in which the perception of F0 and VTL cues could 
be crucial (Başkent & Gaudrain 2016; Brungart 2001; Darwin et 
al. 2003; El Boghdady et al. 2019). 

Based on the findings of the aforementioned studies, the aim 
of this study was to investigate whether SCE could improve SoS 
perception and voice cue sensitivity in CI users. Two research 
questions were addressed: 1) whether SCE would enhance SoS 
perception in CI users, and 2) whether this improvement would 
arise from SCE’s enhancement of the underlying sensitivity to 
F0 and VTL differences between the target and masker speakers. 
The expectations were that these improvements from SCE should 
be larger for VTL compared to F0 perception, because VTL is a 
primarily spectral cue, while F0 is both spectral and temporal in 
nature. The first research question was addressed by experiments 
1 and 2, which differed in the speech material and type of SoS 
test administered to the CI users. The aim of using more than 
one SoS test was two-fold. The first aim was to have two tasks 
that measure different aspects of speech perception, namely 
intelligibility and comprehension, which may also potentially 
differ in task difficulty, akin to the paradigm followed in an 
earlier study by El Boghdady et al., (2019). The second aim was 
to avoid potential floor effects that might be observed in the 
intelligibility task. The second hypothesis, namely, whether SCE 
has the potential of improving CI users’ sensitivity to F0 and 
VTL differences, was addressed in experiment 3.

2. generAl methods

All experiments in this study were based on the paradigms 
from El Boghdady et al. (2019). This section describes the 
methods common to all three experiments conducted in this 
study. Methods particular to a given experiment are described 
in detail under the heading of the corresponding experiment.



155

Effect of Spectral Contrast Enhancement on Voice Cue 
Sensitivity with Cochlear Implants

2�1� Participants

CI participants were recruited from the clinical database 
of the Medizinische Hochschule Hannover (MHH) based on 
their clinical speech intelligibility scores in quiet and in noise. 
To ensure that participants could perform the SoS tasks, the 
inclusion criteria were to have a speech intelligibility score 
higher than 80% in quiet and higher than 20% in noise at a 
+10 dB signal-to-noise ratio on the Hochmair-Shulz-Moser 
(HSM) sentence test (Hochmair-Desoyer et al. 1997). Because 
stimuli were presented in free-field, participants were also 
selected to have no residual acoustic hearing in the implanted 
ear (no thresholds better than 80 dB hearing level [HL] at all 
audiometric frequencies). Additionally, all participants recruited 
had more than one year of CI experience and were all post-
lingually deafened. All participants were native German speakers 
and reported no health problems, such as dyslexia or attention 
deficit hyperactivity disorder (ADHD). 

Fitting these criteria, fourteen CI users (6 males) aged 39 to 
81 years (μ = 63 years,  σ = 13.3 years) with Cochlear Nucleus 
devices volunteered to take part in this study. Not all fourteen 
participants were able to complete all three experiments because 
of their difficulty: Participant P14 was only able to complete 
experiment 3 (voice JNDs), while Participant P13 was only 
able to complete experiments 1 (SoS intelligibility) and 3 (voice 
JNDs). Thus, in total, out of the fourteen CI participants, thirteen 
took part in experiment 1, twelve took part in experiment 2, 
and all fourteen took part in experiment 3. The participant 
demographics are reported in Table 1. 

This study was approved by the institutional medical 
ethics committee of the Medizinische Hochschule Hannover 
(MHH) (Protocol number: 3266-2016). All participants were 
given ample information and time to consider the study before 
participation and signed a written informed consent before data 
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collection. Participation was entirely voluntary, but travel costs 
were reimbursed.

Table 1. Demographic information for CI users. All durations in 
years are calculated based on the date of testing. Progressive hearing loss 
refers to participants who experienced minimal hearing loss that gradually 
progressed until they fulfilled the criteria for acquiring a CI.

PARTICIPANT

NUMBER 
AGE AT

TESTING 
(Y) 

PROCESSOR IMPLANT

DURATION

OF DEVICE

USE (Y) 

DURATION

OF HEARING

LOSS (Y) 
ETIOLOGY

P01 54 CP910
Nucleus CI24RE 

(CA)
11.5 2.16 Unknown

P02 48 CP910 Nucleus CI522 2.8 Progressive Unknown

P03 73 CP910 Nucleus CI512 8.4 0.82 Genetic

P04 81 CP910
Nucleus CI24R 

(CS)
15.9 0.33

Sudden Hearing 
Loss

P05 77 CP910
Nucleus CI24R 

(CS)
15.6 3.08

Sudden Hearing 
Loss

P06 66 CP910 Nucleus CI422 7.9 Progressive Unknown

P07 39 CP950 Kanso Nucleus CI512 8.1 Unknown
Congenital Rubella 

Syndrome

P08 78 CP950 Kanso
Nucleus CI24R 

(CS)
16.4 3.16

Sudden Hearing 
Loss

P09 48 CP810
Nucleus CI24RE 

(CA)
6.2 Progressive Unknown

P10 59 CP810 Nucleus CI422 7.5 Progressive
Sudden Hearing 

Loss

P11 52 CP910 Nucleus CI512 7.6 46.67
Otosclerosis 

cochleae

P12 64 CP910
Nucleus CI24R 

(CA)
13.5 31.66 Unknown

P13 71 CP910
Nucleus CI24RE 

(CA)
11.7 0.58 Unknown

P14 76 CP910 Nucleus CI422 5.8 Progressive Unknown

2�2� Voice cue manipulations

All voice manipulations were conducted relative to the 
original speaker of the corpus deployed in each experiment 
using the Speech Transformation and Representation based on 
Adaptive Interpolation of weiGHTed spectrogram (STRAIGHT; 
Kawahara & Irino 2005). F0 manipulations were realized by 
shifting the pitch contour of the entire speech stimulus by a 
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designated number of semitones (12th of an octave; st). For 
increases in F0, the pitch contour was shifted upwards towards 
higher frequencies relative to the average F0 of the stimulus. For 
decreases in F0, the pitch contour was shifted downwards towards 
lower frequencies. VTL changes were implemented by expanding 
or compressing the spectral envelope of the signal: elongating/
shortening VTL results in a compression/stretching of the 
spectral envelope towards lower/higher frequency components.
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Figure 1. [∆F0, ∆VTL] plane, with the reference female speaker 
from experiment 1 placed at the origin of the plane, as indicated by the solid 
circle. Decreasing F0 and elongating VTL yields deeper-sounding male-like 
voices, while increasing F0 and shortening VTL yields child-like voices. The 
dashed ellipses are based on the Peterson and Barney data (1952), which 
were normalized to the reference female speaker, and indicate the ranges of 
typical F0 and VTL differences between the reference female speaker and 
99% of the population. The red crosses indicate the 4 different combinations 
(experimental conditions) of ∆F0 and ∆VTL used in both experiments 1 and 
2, and the voice vectors from the origin of the plane along which the JNDs 
were measured in experiment 3.
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Figure 1 shows the [∆F0, ∆VTL] plane, with the original 
female voice of the corpus used in experiment 1 placed at the 
origin of the plane (solid black circle). The dashed ellipses 
represent the ranges of relative F0 and VTL differences between 
the original female voice and 99% of the population according 
to the data from Peterson and Barney (1952). The Peterson 
and Barney data were normalized here relative to the adult 
female speaker in the corpus used in experiment 1. This speaker 
had an average F0 of about 218 Hz and an estimated VTL of 
around 13.97 cm. The VTL was estimated following the method 
of Ives et al. (2005) and the data from Fitch and Giedd (1999), 
assuming an average height of about 166 cm for the reference 
female speaker based on published growth curves for the 
German population (Bonthuis et al. 2012; Schaffrath Rosario 
et al. 2011). Negative ∆VTLs denote a shortening in the VTL 
of the speaker and vice versa, thus ∆VTL is oriented upside 
down to indicate that negative ∆VTLs yield an increase in the 
frequency components of the spectral envelope of the signal. 
The red crosses indicate the 4 combinations of F0 and VTL 
differences used to create the masker speech in experiments 
1 and 2, and the voice vectors (directions) from the origin of 
the plane along which the JNDs were measured in experiment 
3 (along negative ∆F0, along positive ∆VTL, and along the 
diagonal passing through ∆F0 = -12 st, and ∆VTL = +3.8 
st). These particular values were chosen to address a potential 
question of whether CI users would demonstrate a benefit from 
voice differences along the male voice space, since the data from 
El Boghdady et al., (2019) demonstrated no benefit from voice 
differences along the child voice space.

2�3� Signal Processing

2.3.1. Advanced combination encoder (ACE)
The advanced combination encoder (ACE) strategy, shown 
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in Figure 2, was selected as the reference strategy to which SCE 
was compared. The ACE strategy first digitizes the acoustic 
signal and applies AGC to compress the input acoustic signal 
to the smaller dynamic range of the implant. The signal is then 
analyzed at a sampling frequency of 15.659 kHz using sliding 
windows, each comprising a temporal frame of 128 samples. To 
each of these frames, a fast Fourier transform (FFT) is applied 
to eventually decompose the acoustic audio signal into M 
frequency bands. Next, the envelopes of each band are extracted, 
and the N bands with the highest amplitudes (N maxima) are 
selected from the available M, making ACE an N-of-M strategy. 
Finally, a loudness growth function (LGF) is applied to the 
N selected bands to map their compressed amplitudes to the 
dynamic range specified by the participant’s threshold (T) and 
comfort (C) levels, which are then converted to current units 
before stimulating the electrodes. The information in each band 
which is conveyed to a given electrode is referred to as a channel. 
Additional details on the ACE strategy can be found in Nogueira 
et al. (2005; 2016).

Adaptive gain 
control (AGC)

Fast Fourier 
Transform 

(FFT)

Envelope 
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Spectral 
Contrast 

Enhancement 
(SCE)

Maxima 
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(NofM)
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Channel 
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Audio input 
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Electrical 
stimulation 

pattern

Figure 2. Signal processing pathway for ACE and SCE. The pathway 
for SCE is identical to that of ACE, except for the addition of an extra 
processing block with the SCE algorithm (shaded block) before maxima 
selection. Figure reproduced from Nogueira et al. (2016) with permission.

2.3.2. Spectral contrast enhancement (SCE)
The SCE algorithm used in this study, as was implemented 

by Nogueira et al. (2016), enhances the spectral contrast in 
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the signal by suppressing the spectral valleys with respect to 
the peaks, which are preserved. The algorithm extracts the 
first three peaks and valleys from the spectral envelope, where 
the first three formant frequencies are expected to lie. The 
original spectral contrast in each frame is then determined as 
the difference between the peaks and valleys on a dB scale. 
Then, the desired enhancement to be applied to the valleys is 
computed by specifying a parameter in the algorithm called the 
SCE factor, such that for an SCE factor of 0, no enhancement is 
applied, which would result in the output of the reference ACE 
strategy. For an SCE factor of 1, the spectral contrast is doubled 
on a dB scale, and for an SCE factor of 0.5, the spectral contrast 
is increased by a factor of 1.5 dB. This enhancement is then 
applied to the first three spectral valleys and then the signal 
processing pathway proceeds to select the N maxima. Figure 3 
shows the effect of ACE and SCE processing, with multiple SCE 
factors, on a sample phoneme.

In a simulation, Nogueira et al. (2016) have shown that 
applying SCE before the maxima selection block influences 
the peak selection in a manner that reduces potential channel 
interaction when compared with ACE. Thus, it can be 
hypothesized that the reduced channel interaction should 
contribute to enhanced overall spectral resolution which might 
improve the perception of spectrally-related voice cues, such as 
VTL.

Because SCE suppresses the valleys of the signal while 
maintaining the peaks, sounds processed by SCE are softer than 
those processed by ACE (Nogueira et al. 2016). For this reason, 
in order to compare the two strategies, their perceived loudness 
should be equated, as was done by Nogueira et al. (2016). This 
loudness balancing procedure was also deployed in the current 
study and is described in detail in the Procedure section below. 
The stimuli for all three experiments were sampled at 44.1 
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kHz, processed, and presented using a custom-built script in 
MATLAB R2014b (The MathWorks, Natick, MA).
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Figure 3. Effect of ACE and SCE strategies on the spectral envelope 
of a single frame of the German vowel /oː/. The first three spectral peaks 
are maintained while the valleys in between, and any subsequent peaks, are 
attenuated according to the SCE factor. Higher SCE factors denote larger 
spectral enhancements. Electrode numbers are in descending order from 
most apical (low frequency) to most basal (high frequency). The band center 
frequencies are shown on the top horizontal axis. 

2�4� Apparatus

Both the ACE strategy and appended SCE block were 
implemented in Simulink to run in real-time on a Speedgoat 
xPC target machine (Goorevich & Batty 2005). The experiment 
script implemented in MATLAB was run on a standard Windows 
computer and was responsible for stimulus delivery. All stimuli 
were calibrated to 65 dB SPL, which was the reference for 
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the loudness balancing procedure as explained in detail in 
the Procedure section below. Stimuli were delivered through 
a Fireface 800 soundcard (RME, Haimhausen, Germany) 
connected to a Genelec 8240A loudspeaker (Genelec, Iisalmi, 
Finland) positioned 1 m from a Cochlear System 5 microphone 
array. This microphone is the same as that in the Cochlear 
clinical speech processor. The playback setup was placed inside 
a sound proof anechoic chamber, where the signal was picked up 
by the Cochlear microphone and transmitted to the xPC system 
which generated the real-time electrical stimulation patterns 
delivered to the participants.

2�5� Procedure

All experiments were conducted within two sessions of 
maximum three hours each, including breaks, and usually 
conducted on a separate day. Some participants requested to 
have both sessions conducted on the same day, with a 1 to 1.5-
hour break in between the sessions. This was requested by some 
of the participants who travelled a long distance. Experiment 3 
was usually conducted in the first session, while experiments 1 
and 2 were conducted in the second session.

The participant’s clinical map was first loaded to Simulink 
to obtain their threshold (T) and comfort (C) stimulation 
levels, their number of maxima, clinical stimulation rate, and 
frequency-to-electrode allocation map. The control strategy was 
ACE (SCE factor = 0) with 8 maxima.

Next, the loudness balancing procedure deployed by 
Nogueira et al. (2016) was performed to equate the perceived 
loudness level of ACE to that of SCE as follows. A volume 
setting is implemented in ACE (and subsequently SCE) which 
allows controlling the stimulation level. This is performed by 
adjusting a proportion of the participant’s dynamic range 
which is the range between the T- and C-levels (see Nogueira 
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et al. 2016 for more details). The loudness balancing stimulus 
consisted of presenting a single sentence in a loop. This sentence 
was chosen from the corpus deployed in experiment 1 and was 
not used in subsequent data collection. This sentence was first 
calibrated to 65 dB sound pressure level (SPL). The volume 
setting applied to this stimulus in Simulink was set such that 
the sentence was not perceived by the participant to be too loud 
or too soft. A loudness scale sheet, identical to the one used in 
the clinic for fitting purposes, was used to assess the perceived 
level of the stimulus and ranged between 0 (nothing heard) to 10 
(too loud). A comfortable loudness level of 7 (loud enough but 
pleasant) was selected such that the sentence was loud enough 
to be intelligible but not eliciting an uncomfortable sensation. 
The volume setting for the ACE strategy was adjusted by 
the experimenter in Simulink until the participant reported a 
perceived loudness level of 7. Next, the experimenter switched the 
strategy to SCE and asked the participant to rank the perceived 
loudness of the sentence. The experimenter also adjusted the 
gain for SCE until the participant reported a loudness level of 7. 
This loudness balancing procedure was repeated twice, starting 
at 30% below and above the volume selected for ACE in the first 
loudness-balancing attempt. The average volume setting for all 
three trials was then applied to SCE and the participant was 
asked, as a final check, to judge whether the sentence played 
through SCE and ACE were of the same loudness. This final 
check usually indicated that both strategies were at the same 
perceived loudness level. The average volume setting was than 
applied to the SCE output for all experiments. 

After loudness balancing, a short training block was 
administered for each experiment, with feedback. Finally, 
participants were asked to perform the actual test after the 
training block, and were not provided with feedback during data 
collection, except in experiment 3.
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All participants were given both oral and written instructions 
that appeared on a computer screen placed in front of them. 
Participants either responded verbally (experiment 1), via a 
button box (experiment 2), or via a response button that was 
displayed on the screen (experiment 3).

3. exPeriment 1: effect of sce on 
SpEEch-on-SpEEch intELLigibiLity

3�1� Methods

3.1.1. Stimuli
Stimuli were taken from the German HSM sentence test 

(Hochmair-Desoyer et al. 1997), which is composed of 30 lists 
of 20 sentences each taken from everyday speech, including 
questions. Sentences in this corpus are made up of three to eight 
words, and a single list contains 106 words in total. The original 
HSM material was recorded from an adult native German male 
speaker, however, for the purpose of this study, recordings 
from an adult female speaker were used instead, which were 
previously recorded at the Medizinische Hochschule Hannover. 
The adult native German female speaker had an average F0 of 
about 218 Hz, and an estimated average VTL of around 13.97 
cm. Because no demographic information about the height of 
the female speaker was documented, the speaker’s height was 
estimated as 166 cm as explained previously in Section 2.2. 
These recordings were used because the research questions in 
this study investigate voice differences starting from a female 
speaker and moving towards a male-like voice (see Figure 1) to 
be comparable to the manipulations performed by El Boghdady 
et al., (2019). Lists 1-12 were used in this experiment, and were 
all equalized in root-mean-square (RMS) intensity.

Target sentences were assigned lists 1-8, with one list per 
experimental condition, masker sentences were taken from lists 
9 and 10, and training sentences were assigned lists 11 and 12. 
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Four different masking voices were created using STRAIGHT 
according to the parameters shown in Figure 1: the same talker 
as the target female [resynthesized with ∆F0 = 0 st, ∆VTL = 0 
st], a talker with a lower F0 relative to the target female [∆F0 = 
-12 st, ∆VTL = 0 st], a talker with a longer VTL relative to the 
target female [∆F0 = 0 st, ∆VTL = +3.8 st], and a talker with 
both a lower F0 and a longer VTL relative to the target female 
to obtain a male-like voice [∆F0 = -12 st, ∆VTL = +3.8 st]. 
These conditions will be referred to as Same Talker, F0, VTL, 
and F0+VTL, respectively, in the rest of this chapter.

The parameters for F0 and VTL were chosen based on the 
findings of an earlier study, in which CI users were found to 
exhibit a decrement in SoS intelligibility and comprehension 
when the voice of the masker was manipulated with parameters 
taken from the top-right quadrant in Figure 1 (El Boghdady 
et al. 2019). In that study, the authors reasoned that masking 
voices taken from the lower-left quadrant, as done in the current 
study, should be expected to yield a benefit in SoS performance 
for CI users. This premise was statistically tested in the results 
section of this experiment.

Following the SoS paradigm from El Boghdady et al., 
(2019), all sentences assigned for constructing the maskers were 
first processed offline using STRAIGHT, with all combinations 
of ∆F0 and ∆VTL highlighted above. For the Same Talker 
condition, the masker sentences were also processed with 
STRAIGHT, with no change in F0 or VTL introduced. All 
target sentences were always kept as the original female speaker 
from the corpus and were not processed with STRAIGHT.

In a given trial, the masker sequence was designed to start 
500 ms before the onset of the target sentence and end 250 
ms after the offset of the target. The masker sequence was 
constructed by randomly selecting 1-second-long segments from 
the masker sentences previously processed with STRAIGHT for 
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the given ∆F0 and ∆VTL condition. A raised cosine ramp of 2 
ms was applied both to the beginning and end of each segment, 
and all segments were concatenated to form the masker sequence. 
Finally, a 50-ms raised cosine ramp was applied both to the 
beginning and end of the entire masker sequence.

Target sentences were all calibrated at 65 dB SPL, and the 
intensity of the masker sequence was adjusted relative to that of 
the target to obtain the required target-to-masker ratio (TMR). 
To be able to observe variations in intelligibility, the TMR must 
be chosen in a way that gives performance levels sufficiently far 
from floor and ceiling. The TMR in this experiment was set to 
+10 dB based on data from Hochmair-Desoyer et al. (1997),  
which demonstrated a speech-in-noise intelligibility score in the 
mid-range of the psychometric function for CI users (between 
20% and 60%) for the same material. This was also confirmed 
with pilot measurements from CI users for the present SoS task.

3.1.2. Objective evaluation for SCE factor 
selection for the Speech-on-Speech task

The aim of this objective evaluation was to select an 
appropriate value for the SCE factor to be used in this study 
since it was not feasible to test multiple SCE factors given the 
time constraints of the study. The SCE factors were evaluated in 
terms of the resulting simulated TMR per frequency band across 
the entire HSM sentences used in this experiment, as was done by 
Nogueira et al. (2016). The hypothesis was that an improvement 
in TMR observed in the simulations could be related to a benefit 
from SCE relative to ACE in the psychophysics test.

The SCE factors chosen in this simulation were 0 (ACE 
strategy), 0.5, 1, and 2. The TMR per frequency band was 
estimated using the offline MATLAB implementation of SCE 
and the Nucleus MATLAB Toolbox (NMT v. 4.31) from 
Cochlear, as was done by Nogueira et al., (2016). First, the 
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target and masker signals were mixed at a TMR of +10 dB, as 
in the psychophysics task, and were used to compute the gains 
that should be applied to each spectral envelope of this stimulus. 
The gains would differ depending on the SCE factor chosen; 
for SCE factor 0, no gains were applied. Next, these gains were 
applied to each band of the target and masker signals separately 
to allow computing the TMR. Note that these gains change 
from frame to frame. However, this technique assumes that 
the signal processing pathway (Figure 2) only performs linear 
operations, which is not the case, as in the envelope extraction 
block. To circumvent this issue, the gains were applied to the 
target and masker signals separately and each was processed 
until (and including) the FFT block. This procedure was carried 
out for all sentences in the HSM corpus that were used in the 
psychophysics test.

Figure 4 shows the difference in simulated TMR between 
the SCE factors 0.5, 1, and 2, and ACE (SCE factor = 0). The 
dashed line represents no difference in TMR; positive values 
indicate a benefit in TMR from SCE, while negative values 
denote a decrement in TMR relative to ACE. The curves denote 
the mean TMR per simulated CI band across the entire HSM 
corpus, and error bars denote one standard error of the mean. 
The data points are interpolated between the channels to predict 
the TMR as a function of frequency, as indicated by the top 
horizontal axis. The boxplots indicate the distribution of TMR 
differences across all bands for each SCE factor relative to ACE.
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Figure 4. Difference in TMR between the different SCE factors and 

ACE (SCE factor = 0). Simulations were obtained using the Nucleus MATLAB 
Toolbox (NMT, v 4.31) from Cochlear, with an initial input TMR of +10 dB 
as explained in the text. The curves show the mean TMR per CI frequency 
band averaged across all HSM lists used in this study for differences in F0 and 
VTL between target and masker speakers. The error bars indicate the standard 
error of the mean TMR per frequency band. The top x-axis denotes the center 
frequency of each band. The boxplots indicate the distribution of differences in 
TMR between the different SCE factors and ACE across all frequency bands. 
The boxes extend from the lower to the upper quartile, and the middle line 
shows the median. The whiskers show the range of the data within 1.5 times 
the inter quartile range (IQR). Diamond-shaped symbols denote the mean SoS 
intelligibility score, while circles indicate individual data outside of 1.5 times 
IQR. Top-left panel: Masker is the same speaker as the target. Top-right panel: 
Masker has a lower F0 relative to the target speaker. Bottom-left panel: Masker 
has a longer VTL relative to the target. Bottom-right panel: Masker has both 
a lower F0 and a longer VTL relative to the target speaker.

Consistent with previous literature, which shows an 
advantage of SCE for speech-in-noise intelligibility (e.g., Baer et 
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al. 1993; Nogueira et al. 2016), these simulations also reveal that 
SCE has the potential of providing improvements in TMR for 
some frequency bands compared to ACE for SoS. The simulations 
demonstrate that the benefit in TMR relative to ACE is not 
consistent across electrodes, which becomes particularly evident 
when the SCE factor increases (larger spectral contrast). This 
means that, for the HSM material, increasing the amount of 
spectral contrast improves the TMR relative to ACE for 
frequency bands below about 1 kHz and again above about 3 
kHz, but not for frequencies in between. In fact, as the amount 
of spectral contrast increases, the TMR decreases for frequencies 
between about 1-3 kHz, which are important frequencies for 
voice cues, particularly VTL. This may be a side-effect of SCE 
improving the spectral contrast of the masking speech as well 
as that of the target speech, thereby increasing the masking 
effect (reducing the local TMR) in that particular frequency 
range. For this reason, the SCE factor was set to 0.5 in all the 
psychophysics tests carried out in the current study, because 
this factor yields the least deterioration in TMR compared to 
the larger factors, and also provides some improvements in TMR 
in the lower frequencies relative to ACE. This choice of SCE 
factor was also supported by the results shown in Nogueira et 
al. (2016), in which no difference in speech-in-noise intelligibility 
was observed between SCE factor 0.5 and SCE factor 1 for 
stimuli that were not loudness-balanced.

3.1.3. Procedure
The SoS paradigm for this experiment was based on that 

used by El Boghdady et al. (2019). A single target-masker 
combination was presented per trial to a participant, and the 
participant was asked to concentrate on the target sentence and 
attempt to ignore the masker. Participants were asked to repeat 
whatever they thought they heard from the target sentence, 
even if it was a single word, a part of a word, or if they thought 



170

Chapter IV

what they heard did not make sense.
Trials were blocked per strategy, meaning that a participant 

would perform all conditions for a given strategy before 
switching to the second one. This was done to prevent the extra 
time needed for switching back and forth between strategies at 
the beginning of each condition, as the strategy selection was 
manually performed in Simulink. The starting strategy (ACE or 
SCE) was randomized and counterbalanced across participants, 
such that seven participants started with ACE, while the other 
six started with SCE. Participants were blinded to the strategies 
tested.

At the beginning of each strategy block, a short training 
was provided to familiarize the participants with the sound of 
the strategy tested before actual data collection. The training 
for the first strategy tested was always assigned 12 sentences 
randomly selected from list 11, while the training for the second 
strategy was assigned 12 sentences from list 12. The training for 
a given strategy was divided into two parts. In the first part, 6 
sentences were presented in quiet to accustom the participants 
to the voice of the target female speaker. In the second part, the 
remaining 6 sentences were presented in the presence of a masker 
speaker at a TMR of +14 dB to acquaint the participants with 
the SoS task itself. This masker had a combination of ∆F0 and 
∆VTL of -6 st and +6 st, respectively, which, while also falling 
in the bottom-left quadrant of Figure 1, were still different from 
those used during data collection. This was carried out so as 
not to bias participants towards a particular voice condition 
that would be used during data collection. During the entire 
training (quiet and SoS), both auditory and visual feedback were 
provided after the participant’s response, such that the target 
sentence was displayed on the screen while the entire stimulus 
was replayed once more through the loudspeaker.

Data collection was composed of a total of 160 trials for 
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both strategy blocks together (20 sentences per list × 4 voice 
conditions × 2 strategies), which were all generated offline before 
the experiment began. SoS stimuli (target + masker) during 
data collection were presented at an input TMR of +10 dB for 
this experiment based on pilot data that confirmed this TMR 
to be in the middle of the psychometric function for this task 
for CI users. The trials within a strategy block were all pseudo-
randomized. No feedback was provided during data collection: 
participants only heard the stimulus once and were not shown 
the target sentence on the screen.

The verbal responses were scored online by the experimenter, 
on a word-by-word basis, using a graphical user interface (GUI) 
programmed in MATLAB. For each correctly-repeated word, 
the experimenter would click the corresponding button on the 
GUI which was not visible to the participant. Additionally, the 
verbal responses were recorded and stored as data files to allow 
for later offline inspection. A second GUI was programmed to 
allow the experimenter to listen to the responses offline and 
double-check if there were incorrectly-scored words during the 
online procedure.

Response words were scored according to the following 
guidelines. The HSM sentences contain words that are hyphenated 
in the corpus, such as ‘Wochen-ende’. These words in German 
are written without the hyphen but are hyphenated in the HSM 
corpus to enable scoring each part of the word separately. If the 
participant repeated a part of such words, only that part was 
marked as correct, while if they repeated both parts correctly, 
both parts were marked as correct. This was slightly different 
from the scoring paradigm followed by El Boghdady et al (2019), 
however, the Dutch corpus used in the latter study does not 
include such hyphenated words. Additionally, no penalty was 
given if a participant changed the order of the words in the 
sentence or added extra words.
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A response word was considered incorrect if only a part of 
the word was repeated for words that are not hyphenated in the 
HSM corpus, such as saying ‘füllt’ when the word was ‘überfüllt’. 
Additionally, confusion of adjective form, e.g. saying ‘keiner’ 
instead of ‘keine’, or confusing the Dativ with the Akkusativ 
article, e.g. confusing ‘der’ with ‘dem’ or ‘den’, was also 
considered incorrect. Confusion of verb tenses or incorrect verb 
conjugation was considered incorrect. Additionally, repetition of 
a single word like ‘he’, ‘she’, or ‘I’, even if it was in the sentence, 
was considered incorrect, as this might have constituted a guess. 

A total of four scheduled breaks were programmed into the 
experiment script, however, participants were encouraged to ask 
for additional breaks whenever they felt necessary. In addition, 
the experimenter could also ask the participant to take a break 
if they judged it to be necessary.

3�2� Statistical analyses

All data analyses were performed in R (version 3.3.3, R 
Foundation for Statistical Computing, Vienna, Austria, R Core 
Team 2017), and linear modelling was done using the lme4 
package (version 1.1-15, Bates et al. 2015). To quantify the main 
effect of strategy and voice on SoS intelligibility, an analysis of 
variance (ANOVA) was applied to a logistic regression model, as 
defined by Equation 1 below in lme4 syntax. The Chi-squared 
statistic (χ2) with its degrees of freedom and corresponding 
p-value are reported from the ANOVA. 

score ~ strategy*voice+(1+strategy*voice | participant) (1)
In Equation 1, score denotes the per-word score (0 or 1) as 

the predicted variable and the term strategy*voice denotes the 
fixed-effects of strategy (ACE versus SCE), masker voice, and 
their interaction. Interaction effects give insight into whether a 
fixed effect is consistent across the levels of other factors. The 
terms inside the parentheses denote the random effects estimated 
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per participant, such that, for each participant, a random 
intercept (‘1+’ term inside the parentheses) and a random slope 
for each of strategy, voice, and their interaction are estimated 
(strategy * voice | participant term). The random effects defined 
by this model assume a different baseline performance for each 
participant in addition to a different benefit from SCE and 
masker voice condition relative to the baseline performance. 
The estimated coefficients for each fixed factor of the model 
(β), the associated standard error (SE), Wald’s z-value, and 
corresponding p-value are reported.

In addition, to characterize the effect of strategy for each 
masker voice (post-hoc analyses), a separate logistic regression 
model, as defined by Equation 2, was applied for each masker 
voice condition. A false-discovery rate (FDR) correction 
(Benjamini & Hochberg 1995) was then applied to all p-values 
obtained from these per-voice-condition models to correct for 
multiple comparisons.

 score ~ strategy + (1 + strategy | participant) (2)

3�3� Results and Discussion

Figure 5 shows the distribution of SoS intelligibility scores 
for each masker voice condition under each strategy. The figure 
demonstrates an overall benefit in SoS intelligibility scores for 
the SCE strategy compared to ACE. The overall main effect 
of strategy, in addition to the effect of strategy for each voice 
condition, are reported in detail below.
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Figure 5. Distributions of SoS intelligibility scores across participants 
for each masker voice condition under ACE (grey boxes) and SCE (white 
boxes). Same Talker: the condition when the target and masker were the same 
female speaker [∆F0 = 0 st, ∆VTL = 0 st]. F0: the condition when the masker 
had a lower F0 [∆F0 = -12 st, ∆VTL = 0 st] relative to that of the target 
speaker. VTL: the condition when the masker had a longer VTL [∆F0 = 0 st, 
∆VTL = +3.8 st] relative to that of the target. F0+VTL: the condition when 
the masker had both a lower F0 and a longer VTL [∆F0 = -12 st, ∆VTL = 
+3.8 st] relative to those of the target (see Figure 1). The boxplot statistics 
are as described in the caption of Figure 4.

3.3.1. Effect of masker voice and strategy
The ANOVA described in the previous section revealed 

an overall significant main effect of strategy [χ2(1) = 12.45, p 
< 0.001], masker voice [χ2(3) = 38.07, p < 0.0001], and their 
interaction [χ2(3) = 15.93, p = 0.001] on SoS intelligibility 
scores. The significant effect of the interaction between strategy 
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and masker voice indicates that either the direction of the effect 
of strategy or its magnitude differs depending on the type of 
masker voice.

The coefficients from the logistic regression model reveal 
a more detailed picture of the nature of the effects observed 
from the ANOVA. One of the goals of this analysis was to check 
whether the chosen F0 and VTL manipulations indeed yielded 
a benefit in SoS intelligibility for the CI users tested here. In 
this logistic regression, the SoS intelligibility scores under ACE 
processing (all grey boxes in Figure 5) for all F0 and VTL 
manipulations were compared to those obtained for the baseline 
condition when the target and masker were the same female 
speaker (Same Talker condition). Compared to the Same Talker 
condition, SoS intelligibility scores were found to improve when 
the masker’s VTL [β = 0.31, SE = 0.15, z = 2.00, p = 0.046] or 
both the masker’s F0 and VTL were different from those of the 
target [β = 0.70, SE = 0.14, z = 4.98, p < 0.0001]. However, no 
difference in SoS intelligibility was observed between the Same 
Talker and F0 conditions [β = 0.33, SE = 0.19, z = 1.80, p = 
0.07]. This indicates that the chosen manipulations for F0 and 
VTL indeed had the potential of providing a benefit from voice 
differences between target and masker in SoS intelligibility. 

Consistent with the first hypothesis, the overall logistic 
regression model also revealed a significant benefit in SoS 
intelligibility from SCE processing compared to that of ACE 
for the baseline condition when the masker and target were the 
same talker [β = 0.43, SE = 0.17, z = 2.56, p = 0.01]. The 
logistic model coefficients also revealed that the effect of SCE 
was consistent for all masker voice conditions except F0+VTL, 
as indicated by the significant interaction term in the logistic 
regression model [β = -0.49, SE = 0.18, z = -2.75, p = 0.006]. 
To test for the effect of SCE under each masker voice condition 
separately, the following analyses were performed.
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3.3.2. Effect of strategy for each voice 
condition

A separate logistic regression expressing score as a function 
of strategy was applied to each voice condition separately, 
following the model in Equation 2. The results are provided in  
Table 2. 

Table 2. Coefficients for the effect of strategy obtained from 
the logistic regression model applied separately for each voice condition. β 
represents the estimated parameter from the logistic regression, SE is the 
standard error of that estimate, z is the Wald-z statistic, and p is the p-value 
after FDR correction for multiple comparisons.

MASKER VOICE

CONDITION

 

 
STRATEGY

Same Talker � = 0.43,  SE = 0.17,  � = 2.53,  � = 0.02* 
F0 � = 0.17,  SE = 0.15,  � = 1.13,  � = 0.34 
VTL � = 0.47,  SE = 0.12,  � = 4.05,  � < 0.001*** 
F0+VTL � = -0.04, SE = 0.10,  � = -0.45, � = 0.66 

This analysis revealed that SCE provided a benefit in SoS 
intelligibility in two out of four masker voice conditions, namely, 
when the masker was either the same talker as the target [∆F0 
= 0 st, ∆VTL = 0 st], or when the masker had a longer VTL 
than that of the target [∆F0 = 0 st, ∆VTL = +3.8 st]. When 
the masker’s F0 was lower than that of the target [∆F0 = -12 st, 
∆VTL = 0 st], or when the masker had both a lower F0 and a 
longer VTL relative to those of the target [∆F0 = -12 st, ∆VTL 
= +3.8 st], no difference in SoS intelligibility scores between 
SCE and ACE was observed. These observations indicate that 
the effect of SCE becomes small when a difference in F0 is 
introduced between target and masker speakers.
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Figure 6. Individual data for the mean SoS intelligibility scores for 
each masker voice condition (see Figure 1). Dark squares denote intelligibility 
scores obtained with the ACE strategy, while bright circles indicate scores 
obtained using SCE. The error bars denote one standard error of the mean.

For masker condition F0, the lack of effect of SCE appears 
to arise from the individual variability across the CI users tested. 
This is evident from the individual data shown in Figure 6, in 
which almost half of the participants (P04, P05, P06, P08, P11, 
and P12) exhibit a benefit from SCE under masker condition 
F0, while the other half of the participants does not. When 
the data from those 6 participants who benefited were analyzed 
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in isolation, the benefit from SCE for this masker condition 
was significant [β = 0.57, SE = 0.14, z = 4.18, p = 0.0001]. 
This indicates that while SCE has the potential to improve SoS 
intelligibility when the target and masker differ in F0, this benefit 
can be small and may be dictated by inter-subject variability.   

For masker condition F0+VTL, a possible explanation for 
not observing a benefit from SCE could be that participants 
already gained a large enough benefit from that particular voice 
difference relative to the Same Talker condition. This means 
that any additional improvements from SCE processing may 
have been capped by ceiling effects, as can be observed in Figure 
5. Taken together, the results from this experiment demonstrate 
that SCE has the potential to improve intelligibility of individual 
words under adverse masking conditions, especially if the masker 
has voice characteristics which are similar to those of the target, 
or if the difference between the two competing talkers lies along 
VTL. 

In the next experiment, the effect of SCE on overall sentence 
comprehension in the presence of a competing talker was 
assessed. According to Kiessling et al. (2003), “Comprehending 
is an activity undertaken beyond the processes of hearing and 
listening [and] is the perception of information, meaning or 
intent.” Cochlear implant processing inevitably leads to some 
distortions in the acoustic signal and can thus impair overall 
sentence comprehension if a sufficient number of words are 
distorted beyond the ability of top-down reconstruction by the 
brain. In the following experiment, the effect of SCE on SoS 
comprehension was evaluated because it more closely captures 
realistic listening situations (Best et al. 2016) in which a listener 
assigns meaning to an entire auditory stream (Rana et al. 2017). 
SoS comprehension accuracy and speed (RTs) were measured 
using a sentence verification task (SVT), as was done by Baer 
et al. (1993). Baer et al. have demonstrated that RTs measured 
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from a SVT were able to capture potential benefits of SCE 
processing. Thus, in the context of this study, RT measures 
could reveal an effect of SCE for SoS comprehension, especially 
for F0 cues whose effect may be concealed behind ceiling effects 
(see Figure 6).

The literature has argued that interpreting accuracy and 
RT measures in isolation of one another may be challenging, 
since a participant may trade speed for accuracy (e.g. Pachella 
1974; Schouten & Bekker 1967; Wickelgren 1977). This speed-
accuracy trade-off can be addressed by combining accuracy and 
RT measures into a unified measure of performance called the 
drift rate (for a review, see Ratcliff et al. 2016), which quantifies 
the quality of information accumulated by the CI listener until 
they give a response. In this experiment, the drift rate was used 
as a combined measure of comprehension, as computed using 
the method provided by Wagenmakers et al. (2007).

4. exPeriment 2: effect of sce on 
SpEEch-on-SpEEch comprEhEnSion

4�1� Methods

4.1.1. Stimuli
The voice conditions for the masker speaker in this 

experiment were the same as those in experiment 1. The masker 
sequence was also created as described in experiment 1 from lists 
9 and 10 from the HSM material. Target sentences were based on 
German translations of the Dutch SVT1 developed by Adank and 

1  Contrary to the English SVT developed by Baddeley et al., (1995), 
the Dutch SVT developed by Adank and Janse (2009) is not divided into lists. 
These corpora also slightly differ from the SVT developed by Pisoni et al. 
(1987), such that the resolving word, which determines whether the statement 
is true or false, is not always at the end of the sentence. This could potentially 
influence response time measurements, since such measurements are usually 
marked starting from the offset of the resolving word. This issue has been 
addressed while analyzing the RT data.
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Janse (2009) and designed to measure sentence comprehension 
accuracy and speed (RT). This corpus is composed of 100 pairs 
of sentences, with each pair composed of a true (e.g Bevers 
bouwen dammen in de rivier [Beavers build dams in the river]) 
and false version (e.g Bevers grooien in een moestuin [Beavers 
grow in a vegetable patch]). All sentences are grammatically and 
syntactically correct.

4.1.1.1. Translation

Translation from Dutch to German was performed by three 
independent native German speakers: two of those speakers were 
also fluent in Dutch, while the third had sufficient knowledge of 
the language. The three translated versions were consolidated 
together to give the least ambiguous structures, and then were 
relayed to a fourth translator for a blinded back translation from 
German to Dutch. This translator was a native Dutch speaker 
who was also fluent in German and had not been exposed to 
the original Dutch sentences. The back translations were then 
checked against the original Dutch version for consistency. 
One sentence pair lost its meaning when translated to German 
and was thus discarded from the translations, resulting in a 
total of 99 true-false sentence pairs in the German corpus. The 
additional four sentence pairs introduced by El Boghdady et al. 
(2019) for training purposes were also translated to German. 
This was done to ensure a sufficient number of training and 
test sentences. Appendix A at the end of this dissertation (page 
287) provides the true and false sentence pairs for both the 
Dutch and German versions.

4.1.1.2. Recordings and processing

Recordings were made in a sound-proof anechoic chamber 
at the University Medical Center Groningen, NL, using a RØDE 
NT1-A microphone mounted on a RØDE SM6 with a pop-shield 
(RØDE Microphones LLC, CA, USA). The microphone was 
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connected to a PreSonus TubePre v2 amplifier (PreSonus Audio 
Electronics, Inc., LA, USA) set at an amplification of 10 dB, 
with 80 Hz noise cancellation and phantom power activated. 
The amplifier output was recorded through the left channel of 
a DR-100 MKII TASCAM recorder (TEAC Europe GmbH, 
Wiesbaden, Germany) at a sampling rate of 44.1 kHz. 

Recordings were taken from a 27-year-old native German 
female speaker from Falkenstein/Harz, with an average F0 of 
180 Hz, and an estimated VTL of about 14.1 cm. Her VTL was 
estimated based on her height of 167 cm following the method 
provided by Ives et al. (2005) and the data from Fitch and 
Giedd (1999).

The speaker was instructed to stand on a cross on the 
ground of the testing booth marking a distance of about 1 m 
from the microphone. An additional set of recordings was made 
for lists 9 and 10 from the HSM corpus, which were used to 
construct the maskers.

Sentences were presented in three rounds to the speaker in 
a slideshow on a touchscreen inside the sound-proof booth, in 
which the sentence order differed per round. The speaker was 
instructed to read the sentence twice silently, and then articulate 
it as clearly as possible and at a fixed rate with a neutral voice 
tone. This procedure yielded three recordings per sentence, from 
which the recording with the clearest articulation was chosen.

Individual sentences were then manually extracted from 
the recordings. Important articulation cues at the onset and 
offset of the sentence were maintained by including a minimum 
duration of 20 ms before the onset and 50 ms after the offset 
of the sentence, and each sentence file did not exceed 3.5 s. A 
5 ms linear ramp was first applied to the end of the sentence 
file, followed by a 50 ms cosine ramp at the beginning and a 
100 ms cosine ramp at the end to minimize sudden onset and 
offset effects, respectively. All sentence files were then equalized 
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in RMS. Pilot tests with young NH native Dutch and native 
German speakers revealed no significant differences in either 
accuracy scores or RT distributions between the Dutch and 
German corpora.

4.1.2. Procedure
Following the paradigm of Adank and Janse (2009) and Pals 

et al. (2016) for the SVT, participants were instructed to indicate 
whether the target sentence was true (labeled as WAHR) or false 
(labeled as UNWAHR) by pressing the corresponding button 
on a button-box as quickly and accurately as possible within 
a specific time window. In the current experiment, a longer 
time window (6 seconds) than that used in the aforementioned 
studies was specified to accommodate the CI users tested so as 
not to bias them to guess on most trials. If participants did not 
respond within that time window, the response was recorded 
as a no-response, and the experiment proceeded to present 
the next stimulus. Participants were also instructed to provide 
the first response that occurred to mind without overthinking. 
Participants were allowed to respond at any time during stimulus 
delivery, similar to the procedure carried out by Adank and 
Janse (2009) and Pals et al. (2016), to allow measuring RTs 
relative to the end of the resolving word (see Footnote 1). This 
could potentially result in negative RTs if the participant gave a 
response before the offset of the resolving word.

As was done in experiment 1, trials here were also blocked 
per strategy, with the starting strategy randomized and 
counterbalanced across participants. At the beginning of each 
strategy block, a short training was provided to acquaint the 
participants both with the task and the strategy. The last 8 
sentence pairs in the supplementary material were assigned to 
training and were not used in actual data collection. Out of these 
8 pairs (16 true-false sentences), 4 true and 4 false sentences were 
randomly picked and assigned to the training block of the first 
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strategy tested, while the remaining 4 true and 4 false sentences 
were assigned to the training of the second strategy tested. No 
true-false pair was assigned to the same training block.

Each training block was split into two parts. In the first 
part, the training sentences were presented without a competing 
masker to accustom the participants to the sound of the target 
speaker’s voice through the tested strategy. In the second part 
of the training block, a competing masker was added with the 
same voice parameters as those of the training masker voice 
used in experiment 1 with the same training TMR. Both audio 
and visual feedback were provided for both parts of the training 
(quiet and SoS) as was done in experiment 1: participants were 
shown whether the sentence was true or false and the sentence 
was also shown on the screen while the whole stimulus was 
replayed through the loudspeaker.

The remaining sentences that were not used in training were 
used for data collection. These sentences were distributed among 
the number of tested conditions (4 masker voice conditions × 2 
strategies), and sentences of a true-false pair were never assigned 
to the same condition. The input TMR was the same as that 
used in experiment 1 (+10 dB). All stimuli were generated 
offline for both strategy blocks and pseudo-randomized within 
each block. During data collection, no feedback was given to the 
participants. The entire experiment lasted for a maximum of one 
hour, including breaks.

4.1.3. Statistical analyses
SoS comprehension accuracy scores were converted to 

the sensitivity measure d’ (Green & Swets 1966) since this 
measure is unbiased to a participant’s preference for a particular 
response. Both the d’ and drift rate data were analyzed using 
a linear mixed-effects model (lmer function in R), with the 
same parameters as in Equation 1, but without random slope 
estimates for the interaction effect per participant to improve 
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model convergence. RT data were analyzed using a generalized 
linear mixed-effects model (glmer function in R) with the same 
parameters as shown in Equation 1.

Only RTs to correct responses were analyzed. Because 
participants could respond at any time during stimulus delivery, 
negative RTs were possible, although their occurrence was rare 
(amounted to 0.47% of the analyzed RT data). They were thus 
discarded to allow fitting the negatively-skewed RT distribution 
to an inverse Gaussian function following the recommendations 
provided by Lo and Andrews (2015) for analyzing RT data. This 
yielded a model of the form -1/(RT[seconds]) = β0+β1·strategy+ 
β2·masker voice+ β3·(strategy×masker voice), where β0 represents 
the intercept of the model, β1 is the coefficient representing the 
effect of strategy, β2 is the coefficient representing the effect of the 
masker voice, and β3 is the coefficient representing the interaction 
effect between strategy and masker voice. To determine the 
overall main effect of strategy and masker voice on each of the 
three aforementioned performance measures (d’, RTs, and drift 
rate), an ANOVA was applied to the linear regression models as 
was done in the previous experiment.
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4�2� Results and Discussion
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Figure 7. SoS comprehension accuracy in d’ (top left), RTs (top right), 
and drift rates (bottom left) for the different masker voices tested under ACE 
(grey bars) and SCE processing (white bars). Boxplot statistics are the same 
as those described in the caption of Figure 4.

 Figure 7 shows the SoS comprehension accuracy (in d’), 
RTs (in seconds), and drift rates (in arbitrary units per second) 
as a function of processing strategy for each type of masker 
voice. While previous studies have demonstrated that RTs can 
reflect differences in listening conditions (e.g., Adank & Janse 
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2009; Baer et al. 1993; Gatehouse & Gordon 1990; Pals et al. 
2015), the data from this experiment did not reveal marked 
differences in SoS comprehension performance between ACE 
and SCE. The statistical analyses confirmed these observations: 
no effect of strategy or masker voice was observed for either the 
d’, RT, or drift rate data [p > 0.06 for all main effects].

The data from this task reveal a large inter-subject 
variability. The individual data for this task are shown in Figure 
8, which demonstrates a large range of performance across 
participants. From this individual data, it is evident that while 
some participants obtained a small benefit from SCE for this 
task (e.g., participants P01, P02, P03, and P08 gain a benefit 
in accuracy), other participants did not. Together with the data 
from the previous experiment, this data provides more evidence 
that CI processing should be customized on an individual basis. 

It is important to note that sentences in the SVT material 
were much shorter compared to those from the HSM corpus. 
Thus, if participants missed the first or last words in a SVT 
sentence, they were more likely to get an incorrect response 
since they were not able to collect enough information to make a 
valid judgement about the truth of the sentence. Moreover, some 
participants verbally reported that they found this task to be 
more difficult than that administered in experiment 1, and thus 
some participants either completely refrained from performing 
the SVT or could not respond adequately within the dictated 
time window to entire conditions as can be seen in the individual 
data for participants P04 and P12 (RT panel). Discarding the 
data from those two participants and repeating the statistical 
analyses did not influence the pattern of results obtained.

Based on the findings for both experiments, since SCE was 
already observed to yield a small yet significant improvement 
in SoS intelligibility scores, especially for some CI users in a 
consistent manner, the question of whether this improvement 
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stems from an improvement in the sensitivity to voice cue 
differences (F0 and VTL) between target and masker speakers 
was investigated in the following experiment.
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Figure 8. Individual data for the mean SoS comprehension accuracy 
in d’ (left), RT (middle), and drift rate (right) for each masker voice condition 
(see Figure 1). Dark squares denote measures obtained with the ACE strategy, 
while light circles indicate those obtained using SCE. The error bars denote 
one standard error of the mean.
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5. exPeriment 3: effect of sce 
procESSing on SEnSitiVity to f0 and VtL 

cues

5�1� Methods

5.1.1. Stimuli
Because the CI users recruited were native German 

speakers, the JND task deployed in previous studies (e.g., El 
Boghdady et al. 2018, 2019; Gaudrain & Başkent 2015, 2018) 
for measuring JNDs was adapted to German in the following 
manner. In the aforementioned studies, the stimuli were taken 
from the Dutch Nederlandse Vereniging voor Audiologie (NVA) 
corpus (Bosman & Smoorenburg 1995), which is a test typically 
used in the clinic to measure phoneme recognition in quiet, and 
is comprised of common monosyllabic Dutch words (e.g. ‘Bos’, 
‘Vaak’, ‘Boom’). In the current study, stimuli were taken from 
the Freiburg monosyllabic word test (Hahlbrock 1953), which 
is a German test used in the clinic to test word recognition 
in quiet. This test consists of common monosyllabic German 
words (e.g., ‘Bach’, ‘Nuß’, ‘Zahl’), and thus was considered a 
good equivalent to the Dutch corpus for the purpose of this test. 
The German Freiburg words were recorded in this study from a 
29-year-old native German female speaker from Wesel, with an 
estimated average F0 of 233 Hz and an estimated VTL of 13.9 
cm (based on a height of 164 cm and the data from Fitch and 
Giedd, (1999).

Recordings were made in the same manner and using the 
same setup as in experiment 2. Seventy-five consonant-vowel 
(CV) syllables were manually extracted from the recorded words 
in the corpus, yielding a list consisting of combinations of the 
consonants [b, d, f, g, h, k, l, l,̩ m, n, p, ʁ, z, ʃ, t, v, x, ts] and vowels 
[iː, oː, uː, a, ɛ, ɪ, ʊ, ɔ, eː]. All extracted syllables were equalized in 
RMS.
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The stimuli in this experiment were triplets of CV syllables. 
These were created by randomly selecting three different CV 
syllables from the list of 75 available syllables and concatenating 
them together, with a 50-ms silence gap in-between, to form 
a triplet. This selection of syllables was different in each 
trial. Within a given trial, the same triplet of syllables was 
presented three times, with a silence gap of 250 ms between 
each presentation. Only one of the three presentations was 
processed to have a different voice (lower F0, longer VTL or 
both, according to the voice vectors shown in Figure 1) relative 
to the other two identical presentations, whose voice was that 
of the original female speaker. However, all three presentations 
were always resynthesized using STRAIGHT, even if no F0 or 
VTL differences were introduced relative to the original female 
speaker. Thus, the procedure required participants to select the 
presentation (triplet) that had a different voice relative to the 
other two in an adaptive 3-interval, 3-alternative forced choice 
task (3I-3AFC).

5.1.2. Procedure
JNDs in this experiment were measured along three voice 

vectors as indicated by the direction from the origin of the [∆F0, 
∆VTL] plane to the red crosses indicated in Figure 1. The JND 
measurement for each of the three voice vectors was repeated 
three times per strategy yielding a total of 18 experimental 
conditions (3 voice vectors × 3 repetitions each × 2 coding 
strategies). 

Experimental conditions were blocked per strategy as was 
done in the previous two experiments. The starting strategy was 
randomized and counterbalanced across participants, and the 
order of conditions within a given strategy block was pseudo-
randomly shuffled. 

The JND measurement for a given voice vector was obtained 
using a 2-down 1-up adaptive procedure, yielding 70.7% correct 
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responses on the psychometric function (Levitt 1971), and 
consisted of a number of trials with three presentations of the 
same triplet as explained in the Stimuli section above. The 
initial trial started with the target triplet having a difference of 
12 st relative to the two identical reference triplets. After two 
consecutive correct responses, this difference of 12 st was reduced 
by 4 st, and after a single incorrect response, the difference 
between the reference and target triplets was increased by the 
same step size. If the difference between the reference and target 
triplets became less than twice the step size, the step size was 
reduced by a factor of √2. This procedure terminated after 
8 reversals, and the JND was calculated as the mean of the 
difference in semitones between the reference and target triplets 
on the last 6 reversals. The measurement was automatically 
discarded if the participant did not manage to reach 8 reversals 
within a maximum of 150 trials. For discarded measurements, 
an additional attempt was made to obtain the JND. However, 
none of the participants tested experienced this issue.

A short training was always administered before the 
beginning of each strategy block to familiarize the participants 
both with the procedure and with the strategy. Two voice 
vectors, different from those used for data collection, were used 
during training: [∆F0 = +5 st, ∆VTL = -7 st] and [∆F0 = -12 
st, ∆VTL = +3.8 st]. Each training condition was programmed 
to terminate after only 6 trials, irrespective of whether the 
algorithm had converged or not. Visual feedback was always 
provided during training and data collection.   

5.1.3. Statistical analyses
To quantify the effect of SCE on the overall JNDs, a linear 

mixed-effects model was applied to the log-transformed JNDs 
(because the step-size is geometrically adapted and because the 
data is otherwise not normal as it is only positive), with the 
same parameters as those in Equation 1. Next, another linear 



191

Effect of Spectral Contrast Enhancement on Voice Cue 
Sensitivity with Cochlear Implants

mixed-effect model was applied to each type of JND separately 
(F0 JNDs only, VTL JNDs only, and F0+VTL JNDs), as shown 
in Equation 2. A type III analysis of variance (ANOVA) was 
then applied to each model, with FDR correction for multiple 
comparisons. 

5�2� Results and Discussion

5.2.1. Raw JNDs
Figure 9 shows the raw JND distributions obtained across 

participants for each voice vector under each strategy (individual 
data are shown in Figure 12 provided in Appendix 4.1 at the end 
of this chapter). Lower JNDs denote higher (better) sensitivity 
to the voice cues and vice-versa. The data did not reveal marked 
differences in performance between the two strategies along any 
of the voice vectors tested. This was confirmed by the statistical 
analyses which revealed no overall effect of SCE compared 
to ACE [F(1,13.16) = 1.44, p = 0.25]. The separate analyses 
for each voice vector corroborated the previous findings, such 
that no significant effect of SCE was found either for F0 JNDs 
[F(1,13) = 0.73, p = 0.46], VTL JNDs [F(1,13) = 0.57, p = 
0.46], or F0+VTL JNDs [F(1,13) = 0.68, p = 0.46].
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Figure 9. JND distributions obtained for each voice vector [along 

negative ∆F0, along positive ∆VTL, and along the diagonal with the 
combination [∆F0 = -12 st, ∆VTL = +3.8 st] (see Figure 1) under ACE (grey 
boxes) and SCE (white boxes). The details of the boxplots are as described 

in Figure 4.

The first aim of this experiment was to determine the effect 
of SCE on the sensitivity to F0 and VTL cues, both in isolation 
and together. Contradicting the second hypothesis of this study, 
the psychophysical data revealed no perceptual differences 
between ACE and SCE in terms of JNDs. Figure 10 shows the 
peaks selected by the maxima selection block for ACE and SCE 
processing for two different temporal frames of the token /foː/. 
Each column shows the representation of a given voice cue in ACE 
and SCE. Notice that in some cases, the band selection in SCE 
differs from that of ACE, but by only a small number of bands, 
whereas in other situations, there is no difference in the bands 
stimulated between the two strategies, save for the stimulation 
amplitude. This means that differences in stimulation patterns 
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arising from SCE relative to ACE might not be perceptually 
salient enough to elicit a change in the perceived sensitivity to 
F0 and VTL differences.
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Figure 10. Band selection for two temporal frames (left and right 
columns) of the token /foː/ for ACE (grey bars) and SCE (white bars) 
processing. Top row: F0 cues; middle row: VTL cues; bottom row: F0+VTL 
together. 

5.2.2. Correlation between benefit from SCE 
on SoS intelligibility and JND tasks

Figure 11 shows the correlations between the benefit in SoS 
intelligibility scores and JNDs obtained from SCE relative to 
ACE for each voice condition. For example, the benefit in SoS 
intelligibility obtained from SCE under masker voice condition F0 
was plotted against the benefit in F0 JNDs obtained from SCE. 
The benefit in SoS intelligibility was obtained from the random 
slope estimated per participant for the effect of strategy per 
voice condition, which was computed from the linear regression 
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models in experiments 1 and 3. This means that a positive value 
for this estimate per participant denotes a benefit (better scores 
for SCE than for ACE) while a negative value denotes a deficit 
(better scores for ACE than for SCE). The benefit in JNDs was 
obtained in the same way but multiplied by a negative sign so 
that positive values would denote a benefit in JNDs from SCE 
processing (because smaller is better for JNDs).
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Figure 11. Correlations between the benefit in SoS intelligibility and 
voice cue JND reduction from SCE processing. Left panel: Benefit in SoS 
intelligibility from SCE for masker condition F0 versus benefit as a reduction 
of F0 JNDs. Middle panel: Benefit in SoS intelligibility from SCE for masker 
condition VTL versus benefit as a reduction of VTL JNDs. Right panel: Benefit 
in SoS intelligibility from SCE for masker condition F0+VTL versus benefit 
as a reduction of F0+VTL JNDs. Positive values denote a benefit from SCE 
processing, while negative values denote a deficit. 

These data indicate that the SCE induced benefit in 
SoS intelligibility was not related to the benefit in JNDs. In 
other words, the benefit obtained in SoS intelligibility by some 
participants did not necessarily stem from SCE improving their 
sensitivity to the underlying voice differences between target 
and masker speakers.

Taken together, the results from both experiments 1 and 
3 reveal that the improvements observed in SoS intelligibility 
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from SCE processing might be due to SCE improving the overall 
TMR of the signal rather than improving individual voice cues. 
This contradicts the postulated hypothesis in this study that the 
improvement in SoS intelligibility scores from SCE processing 
arises from SCE improving the sensitivity to the underlying 
voice cues in the speech signal.

6. generAl discussion

The current study was designed to address whether SCE 
processing would improve SoS intelligibility and comprehension 
when the competing voices differ from each other parametrically, 
and whether this benefit would arise from SCE improving the 
sensitivity to the underlying voice cue differences. In line with 
what has been reported in the literature for speech intelligibility 
in the presence of SSN (e.g., Baer et al. 1993; Bhattacharya et 
al. 2011; Bhattacharya & Zeng 2007; Chen et al. 2018; Nogueira 
et al. 2016) or speech babble maskers (Chen et al. 2018), SCE 
processing was also found to improve speech intelligibility in the 
presence of some single-talker maskers (same female talker and 
VTL conditions), but not others (F0 and F0+VTL conditions). 
For masker voice condition F0, the benefit in SoS intelligibility 
from SCE processing was found to be influenced by large 
individual variability (see Figure 6), such that almost half the 
participants obtained a benefit from SCE relative to ACE, while 
the other half showed almost no difference in performance. For 
masker voice condition F0+VTL, the benefit from SCE appeared 
to be mitigated by the benefit from the voice difference itself 
between target and masker. This is because participants seemed 
to already have gained a benefit in SoS intelligibility scores 
for this condition relative to when the masker was the same 
female speaker as the target, thus any potential advantages in 
intelligibility from SCE were already capped by ceiling effects.

For SoS comprehension, the data revealed a different picture: 
no effect of SCE on SoS comprehension accuracy, speed, or drift 
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rate could be observed. There are a number of possibilities as 
to why this may be the case. One possibility could be that the 
original female speaker in each corpus was not the same, hence, 
even though the F0 and VTL differences between the target 
and masker were always the same in both experiments, the 
absolute F0 and VTL values were not. However, this explanation 
seems unlikely because in a similar paradigm (El Boghdady et 
al. 2019) in which the SoS intelligibility and comprehension 
material were spoken by different female speakers, the authors 
still demonstrated that both tasks yielded comparable results 
for CI users. Another possibility for the differences observed 
between the SoS intelligibility and comprehension tasks could 
be that the sentences in the comprehension task were short 
and had no additional context. Hence, if a participant missed 
the subject of the sentence or the resolving word, they were 
not able to acquire sufficient information to label the sentence 
as true or false. Additionally, because the intelligibility and 
comprehension tasks were designed to measure different aspects 
of speech perception, it may be that SCE influences each of 
them differently. In that sense, even though SCE may improve 
the intelligibility of individual words in SoS scenarios, it may 
be the case that for such sentences without context, as is the 
case with the SoS comprehension material, this improvement 
in SoS intelligibility might not be sufficient for overall sentence 
comprehension. 

One key finding of this study was that, in contrast with the 
previous literature (Cullington & Zeng 2008; El Boghdady et al. 
2019; Pyschny et al. 2011; Stickney et al. 2004), CI users in the 
present study did demonstrate a relatively small, but systematic 
benefit in SoS intelligibility from voice differences. However, the 
benefit in SoS intelligibility from SCE processing in the current 
study did not appear to stem from improvements in the sensitivity 
to underlying F0 and VTL cues, as was demonstrated in Figure 
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11, but rather from possible improvements in TMR. The data 
from this study, along with previous findings in the literature, 
seem to point to the presence of a complex relationship between 
the input TMR (that of the stimulus), the SCE factor, and the 
choice of masker voices, and that the particular combination 
of such parameters as used in this study may have affected 
the results reported here. In this study, a fixed input TMR of 
+10 dB was used for the SoS intelligibility task. The literature 
has provided evidence that the SNR (for speech in SSN) may 
influence the benefit from SCE. For example, Baer et al. (1993) 
have shown that for the SVT they used, the effect of spectral 
enhancement on RTs was larger for moderate SNRs compared 
to higher SNRs in hearing-impaired listeners. On the contrary, 
for the specific SCE implementation used in the current study, 
Nogueira et al. (2016) provided simulation data demonstrating 
that the higher the input SNR, the more the background noise 
RMS was reduced relative to that of the target speech signal for 
the same SCE factor. These findings support the idea that, in 
the current study, the benefit in SoS intelligibility obtained from 
SCE compared to ACE could be dependent on the input TMR 
(averaged across time and frequency). 

The input TMR has also been shown to affect the degree of 
benefit in SoS perception from voice differences between target 
and masker in a number of studies (e.g., Darwin et al. 2003; 
Stickney et al. 2004). For very high or very low TMRs, the 
benefit in SoS perception from voice cue differences becomes 
minimal, while for intermediate values of the TMR, this benefit 
increases.

In addition, the SCE factor itself appears to influence the 
resulting TMR (at the frequency channel level), as demonstrated 
by the simulation results in Figure 4 and those of Nogueira et 
al., (2016), and as indicated by the psychophysics data reported 
in experiment 3. As the effect of various SCE factors was not 
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assessed in the psychophysics experiments, it may be that SCE 
factors larger than 0.5 could enhance more important features 
of speech and attenuate less important ones. However, Baer et 
al. (1993) suggested that extreme contrast enhancement may 
negatively impact speech-in-noise perception, so it still remains 
an open question of whether higher SCE factors would lead to 
an additional benefit in SoS perception. In addition, because of 
the large variability in performance observed across participants, 
it may be worthwhile to investigate customizing the SCE factor 
for each participant separately.

Concerning the type of masker voice manipulations 
investigated in the current study, the effect of SCE was 
investigated for voice differences starting at a reference female 
speaker and approaching that of an adult male. It is not known 
what the effect of SCE on SoS perception might be for voice 
differences approaching child-like voices (top-right quadrant 
Figure 1). El Boghdady et al., (2019), in line with the results 
for Cullington and Zeng, (2008), have shown that child-like 
voice manipulations of the masker appear to yield an additional 
masking effect for CI users, so the effect of SCE might be more 
prominent in that voice space. For example, the results of the 
current study revealed that masker condition F0+VTL yielded 
an increase in SoS intelligibility scores, which may have resulted 
in a lack of SCE effect for that masker condition because of 
ceiling effects. However, in the previous study of El Boghdady 
et al. (2019), the authors showed that a similar combination 
of masker voice in the child space [∆F0 = +12 st, ∆VTL = 
-4 st] yielded worse SoS intelligibility for CI users compared 
to the same talker condition. This reduction in intelligibility 
is in a direction away from the ceiling effects, and thus could 
be expected to provide space for a beneficial effect of SCE 
processing to manifest. In addition, it would be beneficial to 
investigate whether SCE could improve such a situation which 
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is initially detrimental to CI users.
A final note pertains to the effect of long-term exposure to 

SCE processing. In the current study, only acute testing in the 
lab was carried out with the SCE algorithm, and no systematic 
assessment of long-term exposure or acclimatization was 
investigated. It is possible that with more prolonged exposure, 
SCE might yield an additional benefit, as the literature has 
provided some evidence that, for hearing-impaired listeners, 
the benefit from spectral enhancement could increase with 
acclimatization (Chen et al. 2018).

The discussion above seems to indicate the presence of a 
complex relationship between the input TMR, the SCE factor, 
the masker voice manipulations, and acclimatization which might 
influence the benefit in SoS perception from SCE processing. 
Therefore, a more systematic assessment of this interplay 
between the aforementioned parameters might be warranted in 
subsequent studies. 

7. conclusion

This study demonstrated that SCE processing could improve 
CI users’ speech intelligibility in the presence of a competing 
talker. This improvement did not appear to arise from SCE 
enhancing the CI users’ sensitivity to F0 and VTL differences 
between the target and masker speakers per se, but rather 
appeared to arise from inherent improvements introduced to the 
overall target-to-masker ratio. These findings indicate that SCE 
could potentially provide some benefit in speech intelligibility 
for CI users in crowded or noisy settings. To improve CI users’ 
voice cue perception, other methods should be investigated, such 
as optimizing the frequency-to-electrode allocation mapping or 
stimulation techniques to better enhance the representation of 
spectral cues in the implant.
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Figure 12. Individual data for the mean JNDs shown for each voice 
vector: along negative ΔF0, along positive ΔVTL, and along the diagonal with 
the combination ΔF0 = -12 st, ΔVTL = +3.8 st (see Figure 1). Dark squares 
denote JNDs obtained with the ACE strategy, while light circles indicate JNDs 
obtained using SCE. The error bars denote one standard deviation of the 
mean.
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AbstrAct

The vocal tract length (VTL) of a speaker is an important 
voice cue that aids speech intelligibility in multi-talker situations. 
However, cochlear implant (CI) users demonstrate poor VTL 
sensitivity. This may be partially caused by the mismatch between 
frequencies received by the implant and those corresponding 
to places of stimulation along the cochlea. This mismatch can 
distort formant spacing, where VTL cues are encoded. In this 
study, the effects of frequency mismatch and band partitioning 
on VTL sensitivity were investigated in normal hearing listeners 
with vocoder simulations of CI processing. The hypotheses were 
that VTL sensitivity may be reduced by increased frequency 
mismatch and insufficient spectral resolution in how the frequency 
range is partitioned, specifically where formants lie. Moreover, 
optimal band partitioning might mitigate the detrimental effects 
of frequency mismatch on VTL sensitivity. Results showed that 
VTL sensitivity decreased with increased frequency mismatch 
and with reduced spectral resolution near the low frequencies of 
the band partitioning map. Band partitioning was independent 
of mismatch, indicating that if a given partitioning is suboptimal, 
a better partitioning might improve VTL sensitivity despite the 
degree of mismatch. These findings suggest that customizing 
the frequency partitioning map may enhance VTL perception in 
individual CI users. 

Keywords: cochlear implant; frequency band partitioning map; vocal 
tract length; voice
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1. introduction

In individuals with profound sensorineural hearing loss, 
functional hearing can be restored with the help of a multichannel 
cochlear implant (CI): a neural prosthetic device that electrically 
stimulates the auditory nerve fibres. Currently, while speech 
perception in quiet is usually good for most CI users (Blamey 
et al., 2012; Dowell et al., 1986; Tyler et al., 1988), a major 
challenge lies in understanding speech in the presence of another 
competing talker (e.g. Pyschny et al., 2011; Stickney et al., 
2004). In contrast, normal hearing (NH) listeners can understand 
speech relatively well in such situations, which has been shown 
to be linked, in part, to the voice differences between target and 
masking speakers (e.g. Brungart, 2001; Festen and Plomp, 1990; 
Stickney et al., 2004). In those studies, target recognition scores 
were found to improve when the gender of the masking speaker 
was different from that of the target, compared to the baseline 
conditions where the target and masker were either the same 
speaker, or were of the same gender. 

Such voice differences between speakers can be decomposed 
largely along two dimensions, namely, the voice pitch, and the 
vocal tract length (VTL). The voice pitch is the perceptual 
correlate of the fundamental frequency (F0) that arises from the 
glottal pulse rate, while the VTL dimension is correlated with 
body size, and hence gives cues to the size of the speaker (Evans 
et al., 2006; Fitch and Giedd, 1999; Ives et al., 2005; Smith and 
Patterson, 2005). Manipulating both of these cues together was 
found to elicit a change in perceived speaker gender (Hillenbrand 
and Clark, 2009; Skuk and Schweinberger, 2014; Smith and 
Patterson, 2005). In addition, increasing the difference in F0 
(Assmann and Summerfield, 1990; Başkent and Gaudrain, 2016; 
Brokx and Nooteboom, 1982; Darwin et al., 2003; Drullman 
and Bronkhorst, 2004; Lee and Humes, 2012), VTL (Başkent 
and Gaudrain, 2016; Darwin et al., 2003), or both (Başkent 
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and Gaudrain, 2016; Darwin et al., 2003; Vestergaard et al., 
2009) between target and masking speakers was shown to yield 
a systematic increase in target sentence identification scores for 
NH listeners. On the other hand, no release from masking for 
CI users was observed when either F0 (Pyschny et al., 2011; 
Stickney et al., 2007), VTL (Pyschny et al., 2011), or both 
(Pyschny et al., 2011) were varied between target and masking 
speakers, or when completely different speakers were used as 
target and masker (Stickney et al., 2004). 

 The inability of CI users to benefit from F0 and VTL 
differences may arise from their abnormal perception of these 
two cues. For example, not only do CI users demonstrate poor 
sensitivity to differences in both F0 and VTL compared to NH 
listeners (Gaudrain and Başkent, 2018), but they are also unable 
to use the latter to correctly judge a speaker’s gender (Fuller et 
al., 2014; Meister et al., 2016). 

This reduced sensitivity to F0 and VTL differences may 
be attributed to the poor spectral resolution in the implant 
(Friesen et al., 2001; Fu et al., 1998; Henry and Turner, 2003; 
Winn et al., 2016), which is likely more detrimental to VTL 
cues than to F0 (Gaudrain and Başkent, 2015). This is because 
VTL information is mainly represented by the formant peaks 
in the spectral envelope of the signal (Chiba and Kajiyama, 
1941; Fant, 1960; Lieberman and Blumstein, 1988; Müller, 1848; 
Stevens and House, 1955), as opposed to F0 cues, which were 
shown to be encoded both in the temporal envelope and in 
the corresponding place of stimulation along the cochlea (e.g. 
Carlyon and Shackleton, 1994; Licklider, 1954; Oxenham, 2008).

Effective spectral resolution in the implant can be dictated by 
a number of factors, including the amount of channel interaction, 
the effective number of spectral channels, and the resolution of 
the frequency band partitioning map (for a review, see Başkent 
et al., 2016). Channel interaction occurs due to current spread 
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between neighbouring electrodes (e.g. Boëx et al., 2003; De 
Balthasar et al., 2003; Hanekom and Shannon, 1998; Shannon, 
1983; Townshend and White, 1987), which results in reducing 
the number of effective spectral channels. It was suggested that 
CI users have no more than 8 effective spectral channels, as 
opposed to NH listeners, who have up to 20-24 effective spectral 
channels under vocoded conditions (Friesen et al., 2001; Qin 
and Oxenham, 2003). Both increased channel interaction and 
reduced number of effective channels were found to negatively 
impact not only speech and phoneme perception (e.g. Friesen et 
al., 2001; Fu and Shannon, 2002; Qin and Oxenham, 2003), but 
also VTL sensitivity under vocoder simulations (Gaudrain and 
Başkent, 2015).

The frequency band partitioning map is used to quantize 
the spectral information received by the implant into a number 
of contiguous channels. The information in each channel is 
usually delivered to a separate electrode in the stimulating array, 
which determines the resolution (number of electrode channels) 
dedicated to the specified frequency range. To minimize trauma 
while maintaining sufficient stimulation of surviving auditory 
nerve fibres, electrode arrays are seldom inserted more than 2.6 
rounds into the cochlea (Skinner et al., 2007). This means that 
the frequency corresponding to the location of the most apical 
electrode falls between about 250 Hz and 870 Hz, depending on 
the cochlear dimensions, electrode array length, and insertion 
depth (Franke-Trieger and Mürbe, 2015; Skinner et al., 2007). 
Consequently, if the frequency partitioning map fully matches 
the frequencies corresponding to electrode locations, low-
frequency information important for speech intelligibility would 
be lost (Başkent and Shannon, 2004), especially for cases in 
which the most apical electrode location corresponds to around 
800 Hz. Conversely, if the full typical range of the frequency 
partitioning map (from around 200 Hz to 8 kHz) is allocated 
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to the electrodes, speech intelligibility would also be impaired 
(Başkent and Shannon, 2004). This inevitably yields a frequency 
mismatch between the frequencies received by the implant and 
those corresponding to actual places of stimulation along the 
cochlea.

The degree of mismatch differs across CI users due to the 
variability in cochlear dimensions (Avci et al., 2014; van der 
Marel et al., 2014) and in electrode array designs and their 
corresponding insertion depths (Finley et al., 2008). However, 
in clinical practice, the frequency band partitioning maps are 
seldom customized for each individual CI user (Fitzgerald et 
al., 2013; Landsberger et al., 2015; Tan et al., 2017; Venail et 
al., 2015). A number of studies have suggested optimizing the 
frequency band partitioning map in implant processing to help 
alleviate the negative effects of frequency mismatch, and hence 
improve performance on a number of tasks, such as melodic 
pitch perception (Di Nardo et al., 2011; Omran et al., 2011), 
phoneme recognition (Fu and Shannon, 1999a, 2002; Leigh et 
al., 2004; McKay and Henshall, 2002), and speech intelligibility 
(Fitzgerald et al., 2013; Grasmeder et al., 2014; McKay and 
Henshall, 2002).

The aim of the present study was to assess the impact of 
frequency mismatch and band partitioning on VTL sensitivity, 
using acoustic vocoder simulations of CI processing with NH 
listeners. These vocoder simulations (Dudley, 1939; Fu and 
Shannon, 1999b; Gaudrain and Başkent, 2015; Shannon et al., 
1995, 1998) were used to better specify the parameters in each 
frequency mismatch and band partitioning setup, as these would 
be difficult to control for in actual CI users (Fitzgerald et al., 
2013). Just-noticeable-differences (JNDs) for VTL were collected 
as a measure of sensitivity following the protocol described by 
Gaudrain and Başkent, (2015, 2018).

Frequency mismatch and band partitioning were studied 
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by addressing three research questions, to which a separate 
experiment was dedicated. The first research question, addressed 
in Experiment 1, was whether simulating a simple frequency 
mismatch by introducing a shift between the vocoder analysis 
and synthesis filters would affect the VTL JNDs. This was 
motivated by the findings of Shannon et al. (1998), which showed 
that simulated frequency shift impaired vowel recognition; a 
stimulus type which likely has cues that are affected in a similar 
manner to those of VTL. This is because the representation of 
both vowel differences and VTL cues lies in the structure of 
formant frequencies. Thus, the hypothesis for this experiment 
was that the larger the simulated mismatch (shift) between the 
analysis and synthesis filters, the worse the VTL sensitivity 
would become.

The second research question, addressed in Experiment 2, 
was whether the choice of frequency band partitioning would 
affect VTL JNDs when no frequency mismatch is present. This 
was crucial to test, because if band partitioning had an effect on 
VTL JNDs, then this would imply that optimal band partitioning 
may have the potential to mitigate the detrimental effects of 
frequency mismatch on VTL sensitivity. The hypothesis was 
that a band partitioning scheme which dedicates more bands 
to the lower frequency components (higher spectral resolution) 
would better transmit formant frequencies, where VTL cues are 
encoded. Hence, this band partitioning scheme is expected to 
improve VTL sensitivity compared to a band partitioning with 
a lower spectral resolution at the lower frequencies. A similar 
finding was reported by Shannon et al. (1998), such that higher 
spectral resolution near the lower frequencies yielded better 
vowel recognition scores.

The final research question, addressed in Experiment 3, was 
related to the combined effect of both frequency mismatch and 
band partitioning in a more realistic simulation of CI processing. 
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This was done to investigate whether indeed a frequency 
partitioning map with sufficient spectral resolution in the lower 
frequencies would help preserve VTL cues, irrespective of the 
severity of the frequency mismatch.

2. generAl methods

2�1� Stimuli

The stimulus design was identical to that previously used 
by Gaudrain and Başkent (2015). Speech material was taken 
from the Nederlandse Vereniging voor Audiologie (NVA) corpus 
(Bosman and Smoorenburg, 1995), which is a collection of lists 
of meaningful monosyllabic consonant-vowel-consonant (CVC) 
Dutch words uttered by a female speaker. 61 consonant-vowel 
(CV) syllables, with a duration between 142 ms and 200 ms, were 
manually extracted from the list of NVA words. Co-articulation 
between the vowel and final consonant in the original CVC file 
was minimized by applying a cosine offset ramp of 60 ms to the 
end of the extracted syllable. Moreover, a cosine onset ramp 
of 5 ms was applied to the beginning of the syllable to make it 
sound more natural and to avoid spectral splatter. The finalised 
CV syllable list consisted of combinations of the consonants [b, 
d, f, k, l, m, n, p, r, s, t, ʋ, x, z] and vowels [ɛ, aː, eː, oː, ʏ, ɑ, i, u, 
ɔ, ɪ], and was equalised in root-mean-square (RMS) intensity. 
The duration of each syllable was normalised to 200 ms using 
STRAIGHT (Kawahara and Irino, 2005).

For all three experiments, the stimuli in each trial were 
created by randomly selecting three different CV syllables from 
the available list of 61 syllables and stringing them together, 
with a 50 ms inter-syllable interval, to form a triplet. In each 
trial, a new triplet of syllables was formed, but within a trial, 
the same triplet of syllables was presented three times, with a 
silent gap of 250 ms between each presentation. Only one of 
these three presentations had a different VTL (processed using 
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STRAIGHT) relative to the other two identical presentations, 
while the average F0 over each presentation was held constant. 
Hence, the procedure was an adaptive ‘odd-one-out’, i.e. a 
3-interval, 3-alternative forced choice task (3I-3AFC), where 
the participant had to select the interval (triplet) that had a 
different VTL relative to the other two. All three triplets were 
resynthesized by STRAIGHT, even when F0 and VTL were not 
changed relative to the original female voice.
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Figure 1. VTL manipulations shown along the F0-VTL plane, in 
reference to the original female voice at the origin of the plane. For further 
clarity, typical male and children voices are also marked on the same plane.

Figure 1 shows how VTL was manipulated in this study, 
where ∆VTL is the ratio expressed in semitones (st) between 
VTL of the synthesized speaker and that of the original 
speaker. Shortening (elongating) VTL translates into stretching 
(compressing) the spectral envelope of the signal relative to the 
original. Thus in order to realize changes in VTL, STRAIGHT 
manipulates the spectral envelope of the synthesized signal in 
relative changes with respect to the original (Patterson and 
Smith, 2003; Smith et al., 2005).
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Figure 2. 
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 Vocoder analysis (white bands) and synthesis (grey bands) 
filters shown for all three experiments, as partitioned along frequency. Cut-off 
frequencies are shown only for the most apical and most basal bands, along 
with their corresponding locations in millimeters, where applicable, relative 
to the base of a 35-mm-long cochlea. Panel 1: Vocoder setup for Experiment 
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1, where the frequency mismatch was produced by systematically shifting 
the synthesis filters basally from the analysis filters by A: 0 mm, B: 2 mm, 
C: 4 mm, D: 6 mm. Panel 2: Vocoder setup for Experiment 2, where band 
partitioning was introduced in the analysis filters, while the cut-off frequencies 
of the synthesis filters were identical to those of the analysis filters under a 
given condition. Panel 3: Vocoder setup for Experiment 3, where frequency 
mismatch and band partitioning were combined.

2�2� Apparatus

All three experiments were conducted in a sound-
attenuated booth, and stimuli were presented through HD600 
headphones (Sennheiser GmbH & Co., Wedemark, Germany) 
via an AudioFire4 soundcard (Echo Digital Audio Corp, Santa 
Barbara, CA, USA) connected to a DA10 D/A converter (Lavry 
Engineering, Poulsbo, WA, USA) through S/PDIF. The output 
from this setup was calibrated to a level of 65 dB SPL (except 
for Experiment 1 which was calibrated to 60 dB SPL) using 
a KEMAR head and torso assembly Type 45BA (G.R.A.S. 
Sound and Vibration, Holte, Denmark).  All signal processing 
and stimulus presentations were performed in MATLAB R2014b 
(The Mathworks, Natick, MA) using a sampling frequency of 
44.1 kHz, and all data analyses were done in R (version 3.1.2, R 
Foundation for Statistical Computing, Vienna, Austria, 2014).

2�3�  Vocoder simulations

In acoustically simulating CI processing, noise-band 
vocoders (Dudley, 1939; Shannon et al., 1995) were used in this 
study. The frequency-to-electrode allocation map in a typical 
CI processing pathway was modelled by the vocoder analysis 
filters. The frequency mismatch in the implant was modelled by 
the differences in frequency band setups between the vocoder 
analysis and synthesis filters (e.g. as was done by Shannon et al., 
1998). Vocoding was implemented by extracting the temporal 
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envelope from each analysis filter band by half-wave rectification 
and low-pass filtering at a cut-off of 300 Hz using a zero-phase, 
fourth order Butterworth filter. These envelopes were used to 
modulate a white noise carrier signal and were then filtered 
by the set of synthesis filters after modulation. The vocoded 
signal was obtained by summing the modulated output from 
all frequency bands. Figure 2 depicts the analysis and synthesis 
filter settings for each experiment.

1. Analysis filters
The analysis bandpass filters were implemented using zero-

phase Butterworth filters, whose order (slope) differed across 
experiments. In Experiment 1, 12 filter bands of 4th and 8th order 
were used to simulate the effect of channel interaction. Both 
analysis and synthesis filters were given the same filter order for 
a given condition. This choice of filter orders was based on data 
from Gaudrain and Başkent (2015), which showed that shallower 
filters, simulating larger channel interaction, yielded VTL JNDs 
that were close to those obtained from actual CI users (Gaudrain 
and Başkent, 2018). It is expected that frequency shift might 
play a larger role with sharper filters than with shallower filters, 
because shallow filters effectively become more similar to each 
other, which should manifest as an interaction effect between 
filter order and frequency shift. In Experiments 2 and 3, 16 
analysis filter bands of 12th order were used instead because 
pilot data revealed that 4th and 8th order filters, when combined 
with the synthesis filter models used in Experiment 3, yielded 
unrealistically large VTL JNDs compared to those of actual CI 
users (Gaudrain and Başkent, 2018).

The parameters for band partitioning were determined based 
on previous work on optimizing frequency band partitioning 
for a range of tasks (e.g. Başkent and Shannon, 2004, 2005; 
Fitzgerald et al., 2013; Fu and Shannon, 1999b, 2002; McKay 
and Henshall, 2002; Shannon et al., 1998). The maps used in 
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those studies (replotted in Appendix 5.1) varied between either a 
logarithmic-like (Greenwood-like) partitioning or a purely linear 
partitioning. The Greenwood formula, reproduced as Equation  
1 (Greenwood, 1990), describes the logarithmic-like relationship 
between a given location, x (in millimeters), along the human 
basilar membrane relative to the average length of the cochlea, 
C, and its corresponding tonotopic frequency, F, in Hertz.

  ( )F A k10( )
i

C x ai$= -$- (1)
The parameters in this equation were set to A = 165.4, a = 

0.06, and k = 0.88 based on those provided by Greenwood (1990) 
for a human cochlea. The average cochlear length, C, was set 
to the typical value of 35 mm (e.g. as was done by Başkent and 
Shannon, 2004, 2005; Fu and Shannon, 1999b). The subscript i 
refers to the ith cut-off frequency. 

 VTL modification affects all frequencies by the same ratio, 
i.e. it is a pure translation on a log-frequency axis. Because the 
natural frequency-place relationship is not perfectly logarithmic 
(as shown by the “-k” in Greenwood’s formula), a VTL shift 
does not result in a uniform translation in terms of place of 
stimulation. Hence, frequency mismatch in the implant can 
be expected to impair VTL cues, which may be addressed 
by adjusting the frequency partitioning map. Compared to a 
logarithmic-like or Greenwood partitioning, linearly partitioned 
maps have fewer channels dedicated to the lower frequencies, 
hence would be expected to smear the formant peaks in that 
frequency range, leading to a distortion in VTL cues. Thus, in 
this study, a partitioning based on the Greenwood formula and 
a linear partitioning were chosen for the analysis filters based 
on the literature. Additionally, two more maps were chosen 
based on what is available in actual clinical devices in order 
to have a measure of how well these maps can convey VTL 
cues in simulation. One of these clinical maps was based on the 
Advanced Bionics HiRes 90K map, and the other on Frequency 
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Table 22 from Cochlear. 
The overall frequency range of the analysis filters of the 

frequency partitioning maps differed across experiments. In 
Experiment 1, the analysis filters covered the range between 
150 Hz and 7000 Hz and were partitioned into 13 bands in 
equal simulated cochlear distance according to the Greenwood 
function (Gaudrain and Başkent, 2015). In Experiments 2 and 
3, the analysis filters covered the frequency range from 250 Hz 
to 8700 Hz. This change was made so that all maps eventually 
used in Experiment 3 would cover a frequency range similar 
to the standard map assigned to the electrode array model 
used for designing the synthesis filters (see following section). 
In Experiment 2, the analysis filters were partitioned once 
according to Greenwood (as was done in Experiment 1) and once 
using linear spacing. The linear map was obtained by taking 17 
linearly spaced points along the frequency scale between 250 Hz 
and 8700 Hz. In Experiment 3, the same Greenwood and linear 
maps defined in Experiment 2 were used, and the HiRes and 
Cochlear maps were added. The HiRes 90K implant model was 
chosen because it is rather common, and thus would serve as a 
reasonable simulation. This map has 17 cut-off frequencies (16 
channels) between 250 Hz and 8700 Hz. Because the Cochlear 
map has 22 channels with 23 cut-offs between 188 Hz and 7938 
Hz, it was compressed to 16 channels by linearly interpolating 
the cut-off frequencies while covering the same frequency range. 
This was done to prevent potential advantages in JNDs that 
may result from a larger number of channels (and thus a higher 
spectral resolution). The 22 channels of the Cochlear map were 
compressed into 16 channels by linearly interpolating the 23 
cut-off frequencies between 188 Hz and 7938 Hz at 17 equally-
spaced points.

2.3.1. Synthesis filters
Across experiments, frequency mismatch was simulated 
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by introducing differences between the analysis and synthesis 
filters. In Experiment 1, the synthesis filters were derived from 
the analysis filters by basally shifting all the frequencies by 
0, 2, 4 and 6 mm relative to a 35-mm-long cochlea (Başkent 
and Shannon, 2005; Finley et al., 2008; Fitzgerald et al., 2013; 
Fu and Shannon, 1999b), as shown in panel 1 of Figure 2. In 
Experiment 2, because only the effect of frequency partitioning 
without mismatch is of interest, the synthesis filters were kept 
identical to the analysis filters under each condition (see panel 2 
of Figure 2). In Experiment 3, the synthesis filters were designed 
to more closely model the maps in realistic CI systems, using 
dimensions from actual implants. These synthesis bandpass 
filters were created using 16 zero-phase 4th order Butterworth 
filters to account for the effect of spread of excitation, with 
center frequencies computed via Equation 1. 

  xi = x0 + d·(i - 1),    i = 1,2,…,16    (2)
For the synthesis filters, xi was computed as shown in 

Equation 2 (Fu and Shannon, 1999b), and represents the position 
corresponding to the center of the ith simulated electrode along 
the 35-mm-long basilar membrane. x0 represents the position 
of the first electrode in the simulated array from the base of 
the cochlea, d represents the inter-electrode spacing center-to-
center, and i represents the simulated electrode number. 

The parameters for this equation were based on the 
dimensions of the 24.5-mm-long AB HiFocus Helix electrode 
array (Sylmar, 2005), which belongs to a family of electrode 
models under the HiRes 90K implant. The AB HiFocus Helix 
array was specifically chosen here because its dimensions yield 
a model that is comparable to the one used by Fu and Shannon 
(1999b), and thus gives a reference to which the current model 
proposed here can be compared. Two possible electrode array 
insertion depths were determined from the locations of the 
proximal and distal markers; inserting the electrode array up to 
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the proximal marker yields an insertion depth of about 21.5 mm 
from the base of the cochlea, while inserting it up to the distal 
marker yields an insertion depth of around 18.5 mm (Sylmar, 
2005). The position of the first simulated electrode, x0, was 
computed by subtracting the length of the active contact area of 
the array (15.5 mm), where the stimulating electrodes lie, from 
these two possible insertion depths. This yielded values for x0 of 
either 6 mm for an array inserted up to the proximal marker, 
or 3 mm for an array inserted up to the distal marker. These 
two conditions are referred to as minimal shift and maximal 
shift, respectively, in the rest of this paper. In Equation 2, the 
inter-electrode spacing, d, was set to 0.85 mm, as defined in the 
surgical manual (Sylmar, 2005). 

The cut-off frequencies of the synthesis filters (xcut-off in 
Figure 2), were defined by the frequencies corresponding to the 
mid-distance point between the electrode centers (computed 
using the inter-electrode spacing, d). The values of xcut-off are 
shown in millimeters in the table provided in Figure 2.

2�4� Procedure for measuring VTL JNDs

Each JND for a given run was obtained using a 2-down 1-up 
adaptive procedure, yielding 70.7%-correct on the psychometric 
function (Levitt, 1971). The initial trial started at a VTL 
difference of 12 st between reference and target triplets along 
either VTL manipulation type (i.e. elongating or shortening 
VTL). The reference voice was always that of the original 
female speaker. After each two successive correct responses, the 
absolute VTL difference between the reference and target triplets 
decreased by a step size of 4 st. After a single incorrect response, 
the VTL difference was increased by the same step size. If the 
VTL difference became smaller than twice the step size, the 
step size was reduced by a factor of √2. The run terminated 
after 8 reversals, and the JND was calculated as the mean VTL 
difference, in semitones, between the target and reference triplets 
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obtained in the last 6 reversals. The run stopped automatically 
after 150 trials if the algorithm had not converged by then, and 
the measurement was discarded.

Training was provided for 15 minutes at the beginning of 
the first session, with the purpose of familiarizing participants 
with the test procedure. In the training phase, the two VTL 
manipulations were used, in addition to two vocoder settings, 
forming a total of four conditions. These four conditions were 
presented in a pseudo-random order, with visual feedback 
showing the participant whether the interval they selected was 
correct or not. This type of feedback was also provided during 
actual testing. Each training run was programmed to end after 
only 6 trials, irrespective of whether the adaptive procedure 
converged or not.

3. exPeriment 1: effect of frequency 
Shift and fiLtEr ordEr on VtL JndS
The effect of frequency mismatch on VTL JNDs in vocoder 

simulations was investigated by introducing a place shift between 
the analysis and synthesis filters of the vocoder. Because channel 
interaction (simulated as vocoder filter order [slope]) was 
shown in previous simulation studies to influence both vowel 
identification (Shannon et al., 1998) and VTL JNDs (Gaudrain 
and Başkent, 2015), it was also investigated in this experiment 
for possible interactions with frequency shift. The expectations 
were that VTL JNDs would worsen as the frequency shift and 
simulated channel interaction increased.

3�1� Methods

3.1.1.  Participants
Fifteen NH listeners, aged 19 to 40 years old (μ = 25.1 years, 

σ = 5.9 years), participated in this experiment. Amongst the 15 
participants, 12 had already taken part in similar experiments 
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(Gaudrain and Başkent, 2015). Their audiometric thresholds were 
tested at octave frequencies between 250 Hz and 8000 Hz and 
found to be all below 20 dB-HL. All participants had no history 
of hearing disorders, dyslexia, or ADHD, were generally in good 
health, and were either native Dutch speakers, or had Dutch as 
one of the languages used in their daily childhood environment. 
Participants provided signed informed consent prior to data 
collection, and the entire study protocol was approved by the 
ethics committee of the University Medical Center Groningen 
(METc 2012.392). Finally, all participants received an hourly 
wage for their participation, in accordance with the department 
guidelines.

3.1.2. Procedure
The procedure was as described in the General Methods 

section, with the following additional details. A total of 16 
experimental conditions were administered: 2 types of VTL 
manipulations (elongating and shortening VTL) × 2 filter orders 
(4, 8) × 4 frequency shift values (0, 2, 4, 6 mm). Each condition 
was repeated twice for a total of 32 runs, which were randomly 
split into two sessions of 16 runs each. Each session lasted for 2 
hours and was conducted on a separate day.

3�2� Results and Discussion

Figure 3 shows the distribution of VTL JNDs across all 
participants as a function of frequency shift and filter order. 
The horizontal dashed line in Figure 3 shows the typical VTL 
difference between a male and a female voice as used for gender 
categorization by Fuller et al. (2014). For the sharper filters (8th 
order), when the analysis and synthesis filters were aligned, most 
of the participants were able to discriminate VTL values that 
corresponded to this typical male-female VTL difference. This 
means that the VTL cue should be available to them to perform 
a gender categorization task. However, when the synthesis filters 
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were shifted by 6  mm in the basal direction, almost all the 
participants’ JNDs became larger than this typical male-female 
VTL difference. With such a shift, they would thus become 
unable to use the VTL cue for gender categorization purposes.
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Figure 3. VTL JNDs shown as a function of filter order and the 
frequency shift. The boxes extend from the lower to the upper quartile, and 
the middle line shows the median. The filled symbols (circle and square) show 
the means for 4th and 8th order filters, respectively. The whiskers show the 
range of the data within 1.5 times the inter-quartile range (IQR). The empty 
symbols show the individual data outside of 1.5 times IQR. The horizontal 
dashed line represents the difference in VTL that was used to represent a 
typical difference between the male and female voices in Fuller et al. (2014).

A 3-way repeated-measures ANOVA was performed on the 
log-transformed JNDs, with VTL manipulation (elongating and 
shortening), filter order, and frequency shift as repeated factors. 
The JNDs were log-transformed to improve the homoscedasticity 
of the data set and because the adaptive procedure is such that 
only positive threshold values can be reached, and the step size 
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evolves logarithmically. The VTL manipulation was found to 
have a small but significant effect on the JNDs [F(1,14) = 5.71, 
p = 0.03, ηG

2 = 0.02]: the average JND measured starting from 
longer VTLs was 5.21 st, while it was 4.67 st when starting from 
shorter VTLs. The effect of frequency shift was found to be 
significant [F(3,42) = 30.56, p < 0.0001, ηG

2 = 0.13]: the larger 
the shift between analysis and synthesis filters, the worse the 
JNDs were. The order of the filters also significantly affected the 
JNDs [F(1,14) = 26.54, p < 0.001, ηG

2 = 0.11]: sharper filters 
yielded smaller JNDs, consistent with the findings of Gaudrain 
and Başkent (2015). This effect interacted with the frequency 
shift [F(3,42) = 7.85, p < 0.001, ηG

2 = 0.03]: for a shift of 6 mm, 
the difference between the mean JNDs for the two filter orders 
was 0.4 st, while when no shift was introduced, the difference 
between the two filter orders was 2.0 st. This indicates that the 
broader the channels, the less effect the frequency shift has on 
VTL JNDs (but note the small effect size). All other interactions 
were non-significant [p > 0.10].

Systematically increasing the frequency shift led to a 
decrease in the sensitivity to VTL differences. This finding is 
compatible with the hypothesis that introducing a frequency 
shift can hinder access to VTL cues, and is in line with the 
findings reported by Başkent and Shannon (2004), Fu and 
Shannon (1999b), and Shannon et al. (1998), where frequency 
shifts largely reduced vowel recognition scores in those studies. 
These results thus suggest that the frequency shift that occurs 
in implants may contribute to the poor VTL JNDs observed in 
implant users.
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Figure 4. Representation of a VTL difference through matched 
and shifted analysis and synthesis filters. Top row: schematic spectra of an 
artificial, three-formant vowel. The solid line represents the original vowel, 
and the dashed line represents the same vowel produced with a VTL 1.5 
times shorter (equivalent to a –6  st shift). Middle row: magnitude spectra 
of the vocoded versions of the same vowels for the 8th order vocoder, with a 
frequency shift of 0 mm (left) and 6 mm (right). Note that the frequency axis 
is expressed in octaves relative to the lower cut-off of the first synthesis filter. 
Bottom row: these panels show the difference between the solid and dashed line 
in the middle row, thus illustrating how the VTL difference is represented for 
the two vocoder conditions. The left panel shows the difference as a function 
of octave frequency relative to the lower cut-off frequency of the first synthesis 
filter (which is different for 0 mm and 6 mm shift vocoders). The right panel 
shows the same but with the frequency expressed in ERB number.

Figure 4 shows how a VTL difference is represented along 
the cochlear partition depending on the degree of shift introduced 
between the vocoder analysis and synthesis filters. When the 
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difference is represented as a function of log-frequency (lower 
left panel), it appears that the cues are compressed in frequency, 
which is a tempting explanation as to why the sensitivity was 
lower in the 6-mm shift case. However, when expressed as a 
function of equivalent rectangular bandwidth (ERB) number 
(lower right panel), the difference between the two vocoder 
conditions becomes minimal. In other words, while physical 
representations of the signals resulting from the two extreme 
shift conditions appear to be quite different, basic estimates 
of the perceptual representations do not display such large 
differences. It thus seems unlikely that the poor sensitivity to 
VTL differences observed with 6-mm shift could be explained by 
a spectral distortion of the VTL cues induced by the shift.

A perhaps more plausible explanation for these results is 
that the 6-mm shift condition presents speech in an unusual 
frequency region, where NH listeners may have never been 
exposed to VTL differences before, unlike the case for the 
frequency region involved in the 0-mm shift condition. This 
would be consistent with the findings of Ives et al. (2005) who 
reported VTL JNDs that were largest for voices with formants 
falling in the higher frequencies. If this is indeed the case that 
lack of prior exposure to frequency-shifted speech can explain 
the present lack of sensitivity to VTL differences in the 6-mm 
shift condition, then one might venture that training could 
improve VTL discrimination performance. However, Massida 
et al. (2013) measured sensitivity to voice gender difference in 
CI users over 18 months after implantation and observed no 
improvement over this period of time. Thus, if frequency shift 
contributes to the reduced VTL JNDs observed in CI users, 
it seems that this hindrance may not be easily alleviated by 
unsupervised exposure to speech sounds.

One potential limitation to the above conclusion is that, 
in the condition with the largest shift, the upper channels 
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correspond to a frequency region that was not assessed in 
the audiometric test undertaken with the participants. While 
normal hearing was only assessed up to 8 kHz, the two most 
basal synthesis filters for a shift of 6 mm spanned from 9.6 to 
12.5 kHz, and from 12.5 to 16.3 kHz. It is thus possible that these 
channels were not clearly audible to the participants. However, 
because this lack of audibility only concerns two channels that 
are least likely to carry crucial VTL information, it seems 
relatively unlikely that audibility alone could explain the effect 
of frequency shift observed here. Nonetheless, this concern was 
addressed in Experiment 3, such that audiometric thresholds 
above 8 kHz were measured for all participants.

Moreover, such a limitation would not apply to actual 
CI users, however, other aspects of the vocoders used in 
this first experiment might hinder the generalization of our 
findings to electric hearing. First, the analysis filterbank used 
in this experiment has channels that are equidistant in terms 
of stimulation place along the basilar membrane. In contrast, 
the filterbanks used in commercial CI processors do not follow 
this partitioning. In addition, while permitting the systematic 
assessment of the effect of frequency shift on VTL sensitivity, 
the vocoders used in this experiment do not accurately mimic 
how commercial CIs deliver spectral information. This was also 
addressed in Experiment 3, where a more realistic vocoder setup 
was used.

In this experiment, while the effect of frequency shift on 
VTL sensitivity was investigated, the effect of band partitioning 
was not assessed. Hence, the effect of band partitioning on VTL 
JNDs was studied in Experiment 2.
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4. exPeriment 2: effect of frequency 
band partitioning on VtL JndS

4�1� Rationale

The aim of this experiment was to investigate the effect 
of frequency band partitioning on VTL JNDs in vocoder 
simulations of CI processing. VTL changes are realized as a 
shift in all formant peaks of the spectral envelope of the signal 
by the same amount on a log-frequency axis. This means that 
in order to properly convey such subtle shifts in spectral peaks, 
the frequency band partitioning in the implant needs to have a 
sufficiently high resolution in the frequency region where formant 
peaks are usually represented. Thus, the proposed hypothesis 
in this experiment is that a filterbank with more channels 
dedicated to frequencies lower than 3 kHz, where the first 
formants are encoded, is expected to yield smaller VTL JNDs, 
compared to a map with fewer channels in that frequency region. 
For this reason, two such partitioning maps were tested in this 
experiment, and assigned as the analysis filters: the Greenwood 
map, which has a higher resolution for frequencies below about 
3 kHz, and the linear map, which has a lower resolution in this 
frequency region (see panel 2 of Figure 2). Here, only the effect 
of frequency partitioning was studied; the synthesis filters were 
an exact copy of the analysis filters in each condition to remove 
any effects of frequency mismatch.

4�2� Methods

4.2.1. Participants
Using the same inclusion criteria as in Experiment 1, 

sixteen normal hearing (NH) young adults (age: 18-30 years, 
μ = 22.6 years, σ = 3.2 years), different than those recruited for 
Experiment 1, participated in this experiment. One participant 
did not return to complete the experiment; their data were 
excluded from the analyses, resulting in a total of fifteen 
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participants (age: 18-30 years, μ = 22.7 years, σ = 3.3 years), 
whose data were analyzed.

4.2.2. Procedure
The procedure was as described in the General Methods, 

with 4 administered experimental conditions. These were 
composed of the 2 types of VTL manipulations (elongating 
and shortening VTL) × 2 frequency band partitioning maps 
(Greenwood and linear).

4�3� Results and Discussion
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Figure 5. VTL JNDs shown as a function of frequency partitioning 
map and VTL manipulation. The boxes extend from the lower to the upper 
quartile, and the middle line shows the median. The filled circles and squares 
show the means for elongating and shortening VTL, respectively. Hollow 
symbols represent outliers. The details for the boxplot are as described in 
Figure 3.
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Figure 5 shows the JNDs obtained from the Greenwood and 
linear partitioning maps tested in this experiment for elongating 
or shortening VTL. A 2-way repeated measures ANOVA on the 
log-transformed JNDs, with frequency partitioning map and 
VTL manipulation as repeated factors, was applied to the data. 
Confirming the hypothesis, the analysis revealed that the linear 
map was indeed significantly worse than the Greenwood map by 
about 3.35 st on average [F(1,14) =  85.97, p < 0.0001, ηG

2  = 
0.31]. A pairwise t-test with False Discover Rate (FDR) correction 
for multiple comparisons (Benjamini and Hochberg, 1995) was 
applied to compare both maps for each VTL manipulation 
individually. This also revealed that the Greenwood map was 
significantly better than the linear map for both elongating 
[t(14) = 6.32, pFDR < 0.0001, δ = 4.47 st] and shortening VTL 
[t(14) = 8.35, pFDR < 0.0001, δ = 2.24 st].

The intriguing finding was that the frequency partitioning 
maps affected the JNDs differently depending on the VTL 
manipulation type, as indicated by the significant interaction 
effect between these two factors [F(1,14) = 5.4, p = 0.036, ηG

2 
= 0.029]. With the Greenwood map, participants were equally 
sensitive to longer and shorter VTLs [t(14) = 0.49, pFDR = 0.63, 
δ = 0.27 st], but with the linear map, participants were more 
sensitive to shorter VTLs than longer VTLs [t(14) = 2.29, pFDR 

= 0.050, δ = 1.96 st] (but note the small effect size and the 
borderline significant effect). This behaviour is expected for 
the linear map because it has a smaller number of channels 
for frequencies below about 3 kHz compared to the Greenwood 
map. Elongating VTL causes the formant peaks to shift towards 
lower frequencies compared to shortening VTL, hence the peaks 
fall in the region where there is no sufficient spectral resolution 
to resolve spectral shifts along the lower frequencies.

Overall, these results indicate that the large difference 
in overall mean JNDs (δ = 3.35 st) between the linear and 
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Greenwood partitioning maps for the ideal case simulated in 
this experiment supports the idea that an optimal frequency 
partitioning map may in fact help improve VTL sensitivity. Since 
there were only two maps in this experiment, in Experiment 
3, the Greenwood map was compared to two clinical maps to 
check whether it would also outperform the mapping available 
in standard clinical settings. 

Moreover, Experiment  3 attempts to remedy some of 
the limitations of Experiment 1 and 2 by using more realistic 
simulations of electrode positions and filter partitioning 
according to some clinical frequency maps.

5. exPeriment 3: effect of frequency 
miSmatch and band partitioning on VtL 

JndS

5�1� Rationale

Experiments 1 and 2 revealed a significant effect of frequency 
mismatch and band partitioning on VTL JNDs, respectively. 
The data showed that the larger the mismatch, the worse the 
sensitivity to VTL differences became. Moreover, the fewer the 
channels allocated to the lower half of the frequency partition, 
the worse the VTL JNDs were.

The aim of this third experiment was to test the combined 
effect of frequency mismatch and band partitioning on VTL JNDs 
since this is a more realistic scenario in actual implants. The 
hypothesis was that a partitioning map with sufficient spectral 
resolution may still help preserve VTL-related cues, even under 
extreme frequency mismatch conditions. If this is the case, then 
it should manifest as a lack of interaction between the frequency 
partitioning and the mismatch. To test this, analysis filters were 
partitioned according to the linear and Greenwood maps used 
in Experiment 2. In addition, to compare the Greenwood map’s 
performance to that of clinical maps, the analysis filters were 
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also partitioned according to the Cochlear and HiRes maps, as 
defined in the General Methods section (see panel 3 of Figure 2).

To mimic the frequency mismatch observed in actual 
implants, the synthesis filters were partitioned based on the 
dimensions of the HiFocus Helix electrode array. This created two 
mismatch scenarios: a minimal shift if the simulated electrode 
array is inserted until the proximal marker, and a maximal shift 
if the array is inserted until the distal marker.

5�2� Methods

5.2.1. Participants
The same participants who took part in Experiment 2 

participated in this experiment using the same apparatus and 
procedure as in Experiment 2. Additionally, hearing thresholds 
between 8 kHz and 16  kHz were also measured with special 
headphones (Koss R/80 headphones, Koss Corporation, 
Milwaukee, WI, USA) that were calibrated to a clinical 
audiometer by EMID (Electro Medical Instruments BV Doesburg, 
Doesburg, NL). This was done to ensure that participants could 
hear stimuli components falling in the higher frequency bands 
resulting from the basal-ward shift in the synthesis filters for the 
maximal shift condition (see panel 2 in Figure 2). Under that 
setting, the most basal filter band was defined between 12.8 and 
14.4 kHz.

5.2.2. Procedure
In this experiment, 16 experimental conditions were 

administered: 2 VTL manipulation types (elongating or 
shortening VTL) × 4 maps (analysis filter settings) × 2 frequency 
shift conditions (synthesis filter settings). In the training phase, 
the two VTL manipulation types were tested using both 
frequency shift conditions for only the Greenwood map (2 VTL 
manipulations × 1 map × 2 shift conditions = 4 conditions) to 
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familiarize the participants with the procedure.
In addition, at the beginning of each run, a short preview 

block was provided to familiarize the participants with the VTL 
manipulation and band partitioning tested in this run. This 
was done because, based on a pilot experiment, it was observed 
that participants found this particular experiment too difficult 
due to the large number of different vocoders that forced them 
to readjust their strategy constantly. These preview blocks 
consisted of 5 words randomly chosen from the NVA corpus. 
Each word was vocoded using the parameters of the current 
condition and presented twice on the screen to the participant: 
once shown in blue to denote the reference VTL voice, and once 
again in red to indicate the target VTL voice. The participants 
were asked to listen to the difference between the red and blue 
versions of each word before the 3AFC task began.

5�3� Results and Discussion

The mean JND distribution across participants for each 
analysis filter partitioning map is shown in Figure 6, for minimal 
versus maximal shift conditions (left panel), and for elongating 
versus shortening VTL relative to the reference female voice 
(right panel).

A 3-way repeated measures ANOVA was applied on the 
log-transformed VTL JNDs, with analysis filter partitioning, 
frequency shift, and VTL manipulation type (elongating or 
shortening) as repeated factors. Consistent with what was found 
in Experiment 1, this analysis revealed a significant, albeit 
small, effect of frequency shift [F(1,14) = 21.45, p < 0.001, ηG

2 = 
0.038], such that minimal shift yielded better (smaller) JNDs (µ 
= 7.41 st, σ = 3.49 st) compared to the maximal shift condition 
(µ = 8.67 st, σ = 3.81 st), irrespective of the analysis filter 
partitioning map.
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Figure 6. VTL JNDs shown as a function of analysis filter partitioning 
maps for minimal versus maximal shift (left panel), and for elongating versus 
shortening VTL relative to the reference female voice (right panel). The boxes 
extend from the lower to the upper quartile, and the middle line shows the 
median. The filled symbols (circle and square) show the means for maximal 
and minimal shift conditions, respectively (left panel), and for elongating and 
shortening VTL, respectively (right panel). The details of the boxplot are as 

described in Figure 3.

In addition, the ANOVA showed a significant effect of 
frequency partitioning on VTL JNDs [F(3,52) = 19.13, p < 0.01, 
ηG

2 = 0.041], which is in line with what was found in Experiment 
2, but again with a small effect size.

Only the interaction between the analysis filter partitioning 
and the VTL manipulation type was found to have a significant 
effect on VTL thresholds [F(3,42) = 6.81, p < 0.001, ηG

2 = 
0.025]. This means that some partitioning maps better relay 
shorter VTLs compared to longer VTLs, while others do not.

No other interaction between the factors was found to 
significantly affect VTL JNDs: consistent with the proposed 
hypothesis, the interaction between analysis filter partitioning 
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and frequency shift was not found to be significant [F(3,42) = 
1.104, p = 0.358, ηG

2 = 0.007]. This means that when sufficient 
spectral resolution is provided by the band partitioning map, 
VTL-related cues can still be sufficiently transmitted, even 
under extreme frequency mismatch conditions.

Pairwise t-tests with FDR correction revealed that only 
the linear map was significantly worse than the HiRes and 
Greenwood maps [linear vs. HiRes: t(14) = 3.61, pFDR = 0.015, 
δ = 1.74 st; linear vs. Greenwood: t(14) = 3.55, pFDR = 0.015, δ 
= 1.58 st], while there was no difference in VTL JNDs between 
the HiRes, Cochlear, and Greenwood maps, and the linear vs. 
Cochlear maps (pFDR > 0.18 for all comparisons). This suggests 
that the resolution of the low-frequency components, where 
formants are defined, is important for the perception of VTL 
differences, and that the clinical maps are not significantly worse 
than the Greenwood map, at least in simulation.

What is notable is how the different frequency partitioning 
maps compare to each other when VTL is elongated or shortened 
relative to the reference voice, as was observed in Experiment 
2. In the case where VTL was shortened with respect to 
the reference voice, all four maps appeared to yield similar 
performance (pFDR > 0.45 for all pairwise comparisons under 
this condition). However, when VTL was elongated relative to 
the reference, the linear map yielded significantly worse (larger) 
JNDs compared to all other maps [linear vs. HiRes: t(14) = 4.37, 
pFDR = 0.006, δ = 2.85 st; linear vs. Cochlear: t(14) = 2.84, pFDR 

= 0.047, δ = 2.32 st; linear vs. Greenwood: t(14) = 5.6, pFDR = 
0.001, δ = 3.17 st], while there was no difference in performance 
for all other maps under this condition (pFDR > 0.14). This means 
that increasing the resolution of the frequency partitioning map 
for frequencies below about 3 kHz is important for conveying 
different types of voices. In addition, the clinical maps tested 
in this experiment appear to convey such voice differences at 
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least as well as the Greenwood map. It is only when the spectral 
resolution near the lower frequencies becomes sufficiently low, as 
is the case with the linear map, that transmission of these voice 
differences becomes compromised.
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Figure 7. Spectral envelopes for long vowel /ɑː/. The solid black line 
indicates the envelope of the vowel with the reference VTL. The dotted red 
and dashed blue lines indicate a VTL shift of -6 st (shortening VTL) and 
+6 st (elongating VTL), respectively. Top panel: Spectra for the VTL-shifted 
vowel for the unvocoded case. Middle and bottom panels: Spectra obtained 
from the output of the analysis filters and plotted versus the frequencies of 
the synthesis filters for the minimal shift condition. Green arrows indicate the 
relative distance between the VTL-shifted vowel and the reference version. 
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This behaviour can be explained by looking at the spectra of 
sounds from the output of each frequency map setup, as shown in 
Figure 7. In the top panel, the spectral envelope of an unvocoded 
long vowel /ɑː/ is shown for three different VTL settings. The 
black solid line represents the vowel /ɑː/ of the reference speaker. 
The dotted red and dashed blue lines represent a VTL shift of 
-6 st (shortening VTL, increasing formant frequency) and +6 st 
(elongating VTL, decreasing formant frequency), respectively, 
as was done in Figure 4. In the bottom panel, the spectral 
envelopes of the vowel are plotted against the synthesis filter 
frequencies under the minimal shift condition. The green arrows 
indicate the relative distance between the reference vowel and 
the VTL-shifted versions for all map conditions in the region 
around 3 kHz, where most formants are expected to lie. The 
larger this distance is between the reference and VTL-shifted 
versions, the easier it should be to differentiate the reference 
signal from the VTL-shifted one. This distance is much larger 
for the HiRes, Cochlear, and Greenwood maps compared to the 
linear map. In the case of the signals examined in Figure 7, the 
±6 st-difference in the unvocoded vowel translates to a difference 
between roughly 3.53 st to 4.74 st when the HiRes, Cochlear, or 
Greenwood maps are used as analysis filters. However, this ±6 
st-difference is only translated to about a 2.95-st-difference if the 
linear map is applied. These differences were computed as the 
mean of the semitone difference between the frequencies of the 
first three peaks in the reference signal, and the corresponding 
peaks in the VTL-shifted signals. Such an effect may be due to 
the inherently larger number of bands (12-13 bands) assigned 
to frequencies below about 3.5 kHz (a higher spectral resolution 
at those frequencies) for the HiRes, Cochlear, and Greenwood 
maps compared to the 7 bands assigned to those frequencies 
under the linear map. This may explain the significantly larger 
JNDs observed for the linear map. 
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As for VTL JNDs being worse for elongating versus 
shortening VTL for the linear map, this can be explained by 
comparing the envelopes produced by the linear map to their 
unvocoded counterpart. Notice how the shapes of the spectral 
envelopes in the unvocoded version are somewhat maintained 
after applying the linear map to the reference voice (black 
solid line) and to its shortened VTL version (dotted red line). 
However, when VTL is elongated (dashed blue line), the shape 
of the spectral envelope is distorted after applying the linear 
mapping. One might argue that the shape of the envelope is also 
somewhat distorted for the other three maps, however, the effect 
of having a larger distance between the VTL-shifted versions 
and the reference vowel compared to the linear map may provide 
more salient cues for the detection of VTL differences.

6. generAl discussion

In this study, the effect of frequency shift and band 
partitioning on VTL sensitivity were investigated both in 
isolation (Experiments 1 and 2, respectively) and in conjunction 
(Experiment 3). Results from all three experiments showed a 
dependency of VTL sensitivity on frequency mismatch (shift), 
filter slope (simulated channel interaction), and frequency band 
partitioning (spectral resolution near the lower frequencies), in 
addition to the interaction between the frequency partitioning 
and VTL manipulation. 

Frequency mismatch, implemented as an increasing 
shift between the analysis and synthesis filters, worsened the 
sensitivity to VTL. Since formant cues are important for both 
VTL perception, as well as for vowel identification, a frequency 
mismatch that affects VTL cues would also be expected to affect 
vowel identification. Indeed, the findings presented here are 
consistent with previous vocoder studies that reported a decline 
in vowel recognition scores as a function of increased frequency 
shift (Başkent and Shannon, 2004; Fitzgerald et al., 2013; Fu 
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and Shannon, 1999b; Shannon et al., 1998). 
Shallower filter slopes, simulating channel interaction, 

decreased the sensitivity to VTL differences. This is in agreement 
with the results reported by Gaudrain and Başkent (2015) for 
VTL sensitivity, and with those reported by Fu and Shannon 
(2002) and Shannon et al. (1998) for vowel recognition scores.

Band partitioning, simulated by decreasing the spectral 
resolution for frequencies below about 3 kHz (where the first 
three formants are usually represented) led to a reduction in 
sensitivity to VTL cues. This is consistent with the effect of 
band partitioning on vowel recognition scores reported in 
the literature (Fu and Shannon, 2002; McKay and Henshall, 
2002; Shannon et al., 1998). In the current study, the spectral 
resolution in the lower frequency region seems essential in 
conveying longer VTLs as efficiently as shorter VTLs. For 
example, all maps from Experiment 3, except for the linear map, 
yielded similar performance for longer and shorter VTLs. The 
linear map hindered access to cues from longer VTLs more than 
for shorter VTLs. This means that if a map has no sufficient 
spectral resolution in the lower half of its frequency range, 
then differences between longer and shorter VTLs would not 
be sufficiently conveyed. In this study, since the reference VTL 
was that of a female, and transmission of longer VTL cues was 
impaired, this indicates that gender-related differences in voice 
cues carried by VTL may be compromised in such situations. 
Finally, because the effect of band partitioning was independent 
from that of frequency mismatch, a band partitioning map with 
sufficient spectral resolution may help mitigate some of the 
negative effects of mismatch on VTL sensitivity.

It is worth noting that the effects observed here, while 
statistically significant, had a small effect size and were obtained 
using only simulations of cochlear implant signal processing. 
Nonetheless, since band partitioning was found to improve 
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VTL sensitivity despite the severity of the mismatch, it may be 
worthwhile to investigate the effect of band partitioning in CI 
users.

7. conclusion

Cochlear implant (CI) users exhibit poor perception of vocal 
cues, especially VTL, which may be a result of two effects. The 
first is the frequency mismatch between the frequencies received 
by the implant and those corresponding to the actual place 
of stimulation in the cochlea. The second is the poor spectral 
resolution in the implant arising from suboptimal frequency-to-
electrode allocation mapping, which is seldom adjusted for each 
individual CI user. In this study, VTL JNDs were investigated 
as a function of frequency mismatch and band partitioning in 
vocoder simulations with NH listeners. Frequency mismatch 
was implemented as a shift between the vocoder analysis and 
synthesis filters, while frequency band partitioning was applied 
to the analysis filters. VTL JNDs were found to depend on 1) 
the degree of mismatch and channel interaction between analysis 
and synthesis filters, 2) the analysis filter band partitioning, 
and 3) the interplay between the analysis filter partitioning and 
the VTL manipulation type. In particular, sufficient resolution 
near the low frequencies of the frequency band partitioning map 
was found to improve VTL JNDs, irrespective of the degree of 
frequency mismatch. Thus, this effect of band partitioning may 
be worthwhile to investigate in CI listeners, since it may likely 
affect their VTL discrimination as well, and especially that it 
does not require modifications to actual device design. 
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APPendix 5.1: frequency bAnd 
PArtitioning mAPs in the literAture

Some of the frequency band partitioning maps proposed 
in the literature were replotted in Figure 8. This was done 
to help the reader compare the different maps used in the 
literature because different studies used different representations 
(equations, or different types of figures).
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Figure 8. Different frequency partitioning maps specified in the 
literature compared to the four maps presented in this study. Panel A: The 
linear and logarithmic (Greenwood) partitioning maps used by Shannon et al. 
(1998). The STD map is an intermediate map between both the linear and 
log ones. Panel B: Four of the 10 maps used by Fu and Shannon (1999b), all 
partitioned according to the Greenwood formula (see Equation 1). Panel C: 
parametric map manipulations from linear to logarithmic as defined by Fu 
and Shannon (2002). Panel D: the maps defined by McKay and Henshall 
(2002). Filled symbols represent 18-electrode maps, while open symbols 
indicate 10-electrode maps. Panel E: the expanding, matched, and compressive 
maps described by Başkent and Shannon (2004). Only the most extreme 
manipulations are provided here. Panel F: compressed (open symbols) and 
matched maps (filled symbols) defined by Başkent and Shannon (2005). Panel 
G: the three maps used by Fitzgerald et al. (2013) in phoneme and word 
recognition tasks. Panel H: description of the four maps used in this study.

Only a selected number of the frequency partitioning maps 
described in those studies are shown to aid in visual comparison 
with the ones chosen for this study (panel H). Panel A shows 
the three maps used in the study by Shannon et al. (1998). In 
that study, a linear and a Greenwood map (Greenwood, 1990) 
were tested, along with an intermediate map between those two 
extremes. In panel B, only four of the ten maps used by Fu and 
Shannon (1999b) are depicted. This is because, in that study, 
the authors defined 10 maps that were partitioned according to 
the Greenwood formula but were systematically shifted away 
towards more basal frequencies relative to Map 1. Panel C depicts 
only four of the six maps defined by Fu and Shannon (2002), 
which varied systematically from a purely linear partitioning 
(Map P0) to a purely logarithmic one (Map P6). 

Panel D shows only three maps from the ones introduced 
by McKay and Henshall (2002). The first 7 channels of the 
evenly-spaced map are almost linearly partitioned, compared to 
both the clinical and low-frequency maps. The low-frequency 
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map (empty squares with dashed lines) assigns 9 out of the 
10 channels to low frequencies below 3 kHz, while the last 
channel spans a large range of frequencies up to 10 kHz, hence 
the sharp rise in the function. Consequently, this partitioning 
has a higher resolution at the lower frequencies compared to 
the evenly-spaced map. Panel E provides only the most extreme 
manipulations described by Başkent and Shannon (2004). Notice 
also how the partitioning varies from a linear function to a log-
like function. Panel F shows the compressed and matched maps 
defined by Başkent and Shannon (2005). Panel G shows the 
analysis filter partitioning maps used by Fitzgerald et al. (2013). 
The mean-listener-selected map is the mean of all individual 
maps selected by the participants in a self-fitting procedure, 
the frequency-matched map is the map matching the synthesis 
filters of the vocoder used in their experiment to the analysis 
filters, and the right-information map is based on a standard 
clinical map. Notice that, on average, participants prefer the 
map with no mismatch compared to the clinical map, in which 
the analysis filter partitioning was different than the synthesis 
filter partitioning. Finally, panel H shows the analysis filter 
partitioning maps used in the current study.
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The main aim of this dissertation was to pinpoint a 
potential cause for CI users’ limited performance on speech-on-
speech-related (SoS) tasks. This was executed via investigating 
how CI processing can influence the relationship between SoS 
perception and the sensitivity to underlying voice cues, if this 
relationship did exist.

1. oVEraLL findingS

The first step was to assess the nature of the relationship 
between SoS perception and voice cue sensitivity in typical 
CI users compared to NH listeners, which was carried out in 
Chapter 2. The hypothesis was that the more sensitive the CI 
participants were to F0 and VTL cues, the more they would both 
benefit from F0 and VTL differences between two competing 
talkers, and gain an overall higher level of SoS perception, as 
demonstrated in Figure 1 (A). In this panel, SoS perception 
stands for both SoS intelligibility and comprehension. The 
data obtained in Chapter 2 partially supported the hypotheses: 
having a higher sensitivity to either F0 or VTL differences did 
not contribute to a larger benefit from such differences between 
two competing talkers in SoS situations, contrary to what was 
expected. Nevertheless, in line with the hypotheses, overall SoS 
intelligibility [Figure 1 (E)] and comprehension scores were 
found to be highly correlated with the sensitivity to both F0 
and VTL cues, but not to only one of them. This means that CI 
participants who were sensitive to either cue alone but not to the 
other tended to have low overall SoS scores, while participants 
who were sensitive enough to both cues were the ones who tended 
to score well on both SoS tasks. This relationship was found to 
be specific to voice cue sensitivity and SoS perception, as voice 
cue sensitivity was observed to be unrelated to the participants’ 
speech-in-quiet perception scores.
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Figure 1. Expected versus observed relationship between the data. Top 
row (dashed box encompassing panels A-D): Expected relationships between the 
data before running the experiments in Chapters 2-5, respectively. Bottom row 
(solid box encompassing panels E-H): Observed relationships between the data 
as obtained from the experiments in Chapters 2-5, respectively. The legends 
for panels F-H are the same as those shown in panels B-D, respectively. JNDs: 
Just-noticeable-difference measures that represent the participant’s sensitivity 
to the indicated voice cue; larger JNDs denote larger thresholds, and thus less 
sensitivity to the differences along that voice cue.

The literature has pointed to a lateralized mechanism for 
processing voice-related cues in the brain. Auditory processing 
units in the left hemisphere have been shown to process sounds 
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at a finer temporal resolution compared to those in the right 
hemisphere (Schirmer and Kotz, 2006; Zatorre and Belin, 
2001). The finer temporal resolution in the left hemisphere 
allows for tracking the rapidly-varying temporal information in 
speech, such as formant transitions and linguistic cues, while 
the lower temporal resolution in the right hemisphere makes 
these units more suitable for voice pitch processing. Such 
auditory processing units in both the left and right temporal 
lobes have also been implicated in the preferential processing 
of F0- and VTL-related cues in speech (e.g., Kreitewolf et al., 
2014; von Kriegstein et al., 2010; Lattner et al., 2005). Figure 
2 (A) shows a schematic of these processing units: Heschl’s 
gyrus has been shown in imaging studies to be linked with the 
processing of F0-related information (Kreitewolf et al., 2014; 
Lattner et al., 2005), while parts of the superior temporal lobe 
(sulcus + gyrus) were shown to be involved in processing VTL-
related information (von Kriegstein et al., 2010; Lattner et al., 
2005). Additionally, because of the hemispheric lateralization 
mentioned above, Heschl’s gyrus and the superior temporal 
lobe in the left hemisphere are largely dedicated to processing 
linguistic-specific information (what is being said) carried by F0 
and VTL, respectively, while the contralateral analogs of these 
processing units are mainly responsible for decoding speaker-
specific information carried by F0 and VTL, such as speaker 
identity (who said it). If this is indeed the case, as the evidence 
in the literature suggests, then CI users with low sensitivity 
to either F0 or VTL would not be expected to have sufficient 
activation of the left hemisphere Heschl’s gyrus or superior 
temporal lobe, respectively, which would effectively reduce the 
number of neural units recruited for decoding linguistic content 
based on F0 and VTL cues. In other words, if we abstractly 
think of SoS intelligibility as a multi-step process, as shown in 
the computational model proposed in Figure 2 (B), the brain 
would need to extract both linguistic information from the SoS 
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signal based on F0 and VTL, in addition to information about 
the speaker demographics (height, age, gender, etc.). If either F0 
or VTL sensitivity is impaired, information about what is being 
said and who is saying it would not be adequately extracted from 
the incoming message to serve SoS perception. In the case of CI 
users in this dissertation, relying on either F0 or VTL cue alone 
did not appear to be sufficient for adequate SoS intelligibility, 
highlighting that CI users probably place equivalent weight on 
F0 and VTL cues in SoS-related tasks.

Figure 2. 
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Panel A: Mechanisms for decoding F0 and VTL cues 
in the brain based on findings from imaging studies (see text). Panel B: 
Computational model denoting key processes essential for adequate speech-
on-speech intelligibility. The blue block indicates units in the left hemisphere, 
while the red block indicates those in the right hemisphere. Thick bidirectional 
arrows denote interconnectivity between the blocks. 
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Another important consideration is that the relationship 
between voice cue sensitivity and SoS perception is probably 
modulated by attention and working memory capacity. This is 
expected because both the JND and SoS perception tasks rely 
not only on the adequate detection of voice cue differences, but 
also the proper storage and retrieval of the stimulus pattern (the 
order of the JND triplets and the words in the target sentence). 
Evidence for this relationship between working memory capacity 
and SoS intelligibility has been documented in the literature 
(e.g., Sörqvist and Rönnberg, 2012; Zekveld et al., 2013). Since 
attention and working memory capacity were not explicitly 
measured in this dissertation, it remains an open question whether 
the CI users who demonstrated a high sensitivity to both F0 and 
VTL might have either had superior spectrotemporal resolution 
or superior working memory capacity compared to those who 
had a high sensitivity to either F0 or VTL but not both.

This dissertation proceeded with the former part of the 
aforementioned question, which was the hypothesis that the 
relationship between voice cue sensitivity and SoS perception 
could be influenced by the resultant spectrotemporal resolution 
in the implant as dictated by the amount of channel interaction 
present. In other words, the lack of sensitivity to F0 and VTL 
cues and its influence on the overall SoS score could be a 
symptom of the inherent channel interaction in the implant. In 
Chapter 3, this idea was directly tested with CI users using 
stimulation patterns that induced variable amounts of channel 
interaction simulating different levels of spectral smearing. The 
hypothesized relationship between the data is shown in Figure 1 
(B), such that increasing the channel interaction was expected 
to influence VTL cues, which are mainly spectral, more than 
F0 cues, which also have a temporal representation. Under that 
hypothesis, it was expected that the sensitivity to VTL cues 
would dramatically worsen compared to that of F0-related cues, 
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in addition to a larger drop in SoS scores when the masker and 
target speakers differed in VTL compared to when they differed 
in F0. As shown in Figure 1 (F), the data revealed that, contrary 
to what was expected, F0 sensitivity, and not VTL sensitivity, 
was significantly reduced by increasing channel interaction. 
However, in line with the expectations for the SoS data, when 
the masker and target differed in VTL, SoS intelligibility was 
severely impaired with increased channel interaction to a larger 
degree than when target and masker differed in F0. These 
findings indicate that CI users can withstand mild degrees of 
channel interaction, however, when such interaction becomes too 
severe, perception of voice cues and resultant SoS performance 
can be degraded.

These observations inspired the question of whether 
attempting to enhance the spectral contrast of the acoustic signal 
could help mitigate some of the detrimental effects observed in 
Chapter 3. To address this question, in Chapter 4, a spectral 
contrast enhancement algorithm was tested with CI users. The 
expectation, as shown in Figure 1 (C), was that enhancing the 
spectral contrast of the signal would contribute to a shift in the 
cluster of data points describing each participant’s F0 sensitivity, 
VTL sensitivity, and SoS performance. This shift results from the 
spectral enhancement algorithm improving the sensitivity to F0 
and VTL cues, albeit with a larger effect for VTL-related cues, 
in addition to yielding an improvement in the overall SoS scores. 
The data collected from this study, shown in Figure 1 (G), did not 
demonstrate the expected results: data points obtained with and 
without spectral enhancement overlapped in the [ΔF0, ΔVTL] 
plane. The data analyses revealed that spectral enhancement 
did not contribute to an improved sensitivity to F0 and VTL 
differences, but rather only contributed to an improvement in 
SoS performance. This was speculated to be the result of the 
algorithm enhancing the local signal-to-noise-ratio rather than 
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the sensitivity to the underlying voice cues in the signal, which, 
in themselves, are important for other voice-perception-related 
tasks, such as gender categorization and identification, say, of a 
speaker on the telephone.

Because spectral enhancement was not observed to 
improve the underlying perception of voice-related cues, it was 
speculated that optimizing a CI signal processing parameter, 
like the frequency-to-electrode quantization map, could enrich 
the transmission of these voice cues, specifically VTL. Because 
CI users were observed throughout Chapters 2-4, in addition to 
the literature, to have a more robust representation of F0-related 
cues compared to VTL-related cues, with respect to the range 
of voice differences related to gender categorization, Chapter 
5 focused on the transmission and representation of VTL cues 
in vocoder simulations of implant processing. The frequency-
to-electrode quantization map was chosen here because it can 
directly influence the spectral resolution in the implant if a 
sufficient number of channels is dedicated to frequency bands 
that carry important VTL-related information (e.g., formant 
frequencies). The vocoder simulations were deployed in this 
chapter to first study the effect of frequency quantization in a 
highly controlled setup before testing with actual CI users. This 
allowed testing the effect of various frequency mismatch scenarios 
that are suspected to occur in CI users because the frequency 
band dedicated to each electrode is rarely matched with its 
corresponding tonotopic location along the basilar membrane 
in the cochlea. Figure 1 (D) shows the expected relationship 
between the resolution of the frequency quantization map and 
VTL sensitivity. The hypothesis was that if the frequency 
quantization map was given sufficient spectral resolution in the 
lower frequencies where formants are encoded, this could help 
mitigate the detrimental effect of larger frequency mismatch 
scenarios (e.g., when the electrode array is shallowly, or even 
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not fully inserted into the cochlea). The findings from this study, 
shown in Figure 1 (H), were in line with the proposed hypothesis, 
such that increasing the spectral resolution around the range 
encoding formant frequencies was observed to mitigate some of 
the detrimental effects of frequency mismatch.    

Figure 3. Comparison between expected and observed effects on the 
variables measured under the different types of CI processing tested.

Figure 3 provides a summary for the comparison between 
the expected effects of channel interaction, spectral contrast 
enhancement, and optimization of frequency-to-electrode map 
on the sensitivity to F0 and VTL differences, in addition to SoS 
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perception. From these findings, it appears that the spectral 
resolution manipulations as implemented in Chapters 3 and 4 
did not yield a range where VTL sensitivity could change. This 
contradicts the observations by Gaudrain and Başkent (2015) 
for vocoder simulations of CI processing, which indicated a 
decrease in VTL sensitivity with lower spectral resolution. Thus, 
the findings from this dissertation imply that VTL sensitivity 
in actual CI users may already be quite low such that small 
improvements (Chapter 4) or degradations (Chapter 3) in 
effective spectral resolution may not yield any noticeable effect. 
The data from Chapter 5 built on this idea by investigating 
how VTL sensitivity could be affected by spectral manipulation 
from another perspective, namely, the frequency-to-electrode 
quantization map. The findings from this chapter, taken in light 
of those from the rest of the dissertation, point towards the 
potential benefit in VTL perception that may be obtained if 
the frequency-to-electrode quantization map is appropriately 
optimized.

2. outlook

There are multiple factors that may influence the pattern of 
results reported in this dissertation. For example, the literature 
has provided ample evidence that the target-to-masker ratio 
(TMR) crucially influences the performance on SoS-related tasks 
(e.g., Darwin et al., 2003; Stickney et al., 2004). SoS performance 
follows a psychometric function such that the benefit from 
voice differences between two simultaneous talkers is maximal 
at a specific range of TMRs close to the linear region of the 
psychometric function. In this dissertation, the interaction effect 
between the TMR and benefit in SoS from voice differences was 
not systematically assessed to limit the scope of the studies to 
the particular research questions posed. This interaction effect 
should be more thoroughly investigated as a follow-up to this 
dissertation.
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Figure 4. Comparison between SoS intelligibility scores obtained from 
voice differences approaching children-like voices (Chapter 2; ΔF0 from 0 st to 
+12 st and ΔVTL from 0 st to -12 st) and voice differences approaching male-
like voices (Chapter 3; ΔF0 from 0 st to -12 st and ΔVTL from 0 st to +3.8 
st) for the same target-to-masker ratio of +8 dB. The reference female talker 
is at the (0,0) location on the grid. Note that the scaling is not uniform, but 
only represents the combinations of ΔF0 and ΔVTL tested in this dissertation.

Another central point of discussion pertains to the nature 
of the voice differences investigated in this dissertation. From 
Chapters 2 and 3, it was clear that while CI users did not benefit 
from increasing voice differences along the voice space of children 
(Chapter 2), they were able to obtain a considerable release from 
masking when voice differences were increased along the male 
voice space at the same TMR (Chapter 3). This pattern of results 
is shown in Figure 4. Additionally, no significant differences in 
F0 and VTL sensitivities between the child space and the male 
space were observed in the data obtained in Chapters 2 or 3, 
supporting the observation in Chapter 2 that the benefit in 
SoS intelligibility from voice differences between two talkers is 
not related to F0 or VTL sensitivities. Nevertheless, a direct 
comparison between the datasets from Chapters 2 and 3 could 
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prove challenging because the sample of CI participants was not 
only different for each study, but also each sample was a native 
speaker of a different language (Dutch and German, respectively). 
Data collected on the differences between male-produced and 
female-produced formant frequency values demonstrated that 
large variations in those differences exist across languages, 
with languages like Danish having minimal differences, while 
languages like Russian have maximal differences (Johnson, 
2005). More specifically, Dutch falls in the region of languages 
that have minimal differences between male-produced and 
female-produced formants, while German (Viennese) is reported 
to have larger formant peak differences between typical male 
and female speakers in comparison (Johnson, 2005). This may 
have some implications on the perception of VTL-related cues 
which can be encoded in the differences between male-produced 
and female-produced formant peaks in vowels. With that said, 
since this dissertation did not methodically scan the entire [F0, 
VTL] plane with a fixed sample of CI participants coming from 
the same linguistic background, the effect of different voice 
spaces on SoS perception in CI users should also be investigated 
in future studies, in addition to their interaction with the TMR.

 In Chapters 2-4, a second SoS perception task, namely the 
sentence verification task (SVT), was utilized that assessed both 
SoS comprehension accuracy and speed as additional measures 
to the traditional SoS intelligibility task. For the dataset in 
Chapter 2, the SVT provided valuable speed and accuracy data 
which corroborated the findings observed in the traditional 
SoS intelligibility task, giving strength to the effects reported. 
However, for the datasets obtained in Chapter 3, considering either 
the comprehension accuracy or speed measures in isolation failed 
to demonstrate an effect of channel interaction. Only when the 
combined measure of both comprehension accuracy and speed, 
namely, the drift rate (the accuracy rate), was analyzed did the 
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effect of channel interaction appear, which was in line with the 
effect observed in the SoS intelligibility data. In Chapter 4, the 
SVT failed to show any effect of spectral enhancement, which 
could either be contributed to the subtleness of the effect itself 
considering its small effect size, or to the low sensitivity of the 
SVT to capture such a subtle effect. Nevertheless, these findings 
together indicate that the SVT could potentially be extended 
to clinical settings, even as a quick test of SoS perception, since 
it provides an additional measure (response times) compared to 
the standard intelligibility task in a much shorter time.

The overall findings of this dissertation seem to point 
to the potential benefit in voice cue perception, and possibly 
SoS perception, that may be obtained from optimizing the 
frequency-to-electrode quantization map. The logical follow-up 
to this dissertation would be to first obtain a number of pilot 
measurements from CI users to check whether the results obtained 
in Chapter 5 could also be replicated with actual CI users. If 
this is the case, then, in a following experiment, the frequency-
to-electrode quantization map could be fit per CI participant 
using an adaptive procedure designed to improve the sensitivity 
to VTL cues, and then this newly-fitted map could be used to 
investigate whether the CI participant would gain a resulting 
improvement in SoS perception. If such a causal relationship is 
observed, then this method of fitting the frequency-to-electrode 
quantization map per CI user could be routinely applied in the 
clinic.

3. concLuSiVE Summary

In this dissertation, the following research questions were 
addressed:

1. Is sensitivity to F0 and VTL cues related to CI users’ 
SoS performance? (Chapter 2)

2. If so, could that relationship be influenced by the 
amount of inherent channel interaction in the implant? 
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(Chapter 3)
3. If channel interaction is found to influence the perception 

of such cues, can advanced signal processing techniques 
that enhance the spectral content of the signal help 
improve the perception of such cues? (Chapter 4)

4. In addition to optimizing the signal processing strategy, 
can a signal processing parameter like the frequency-to-
electrode quantization map improve the perception of 
such vocal cues, specifically VTL? (Chapter 5)

The findings for each research question were as follows:
1. The sensitivity to both F0 and VTL differences, and 

not only to one of them, was observed to be related 
to CI users’ overall SoS performance, but not to the 
benefit obtained from systematically increasing the 
voice difference between the two competing talkers.

2. This relationship was observed to be influenced by 
the amount of channel interaction. When the channel 
interaction was considered mild, CI participants were 
found to have similar F0 and VTL sensitivities, in 
addition to SoS performance compared to the situation 
where low channel interaction was introduced. However, 
as the channel interaction reached more severe levels, 
voice cue sensitivity and SoS performance became 
impaired. A consequence of this observation is that 
some degree of parallel stimulation (resulting in mild 
channel interaction but significant power reduction) 
could be implemented in CI stimulation strategies 
as a method of reducing power consumption by the 
implant without significantly reducing either voice cue 
sensitivity or SoS perception.

3. Spectral contrast enhancement as applied in this 
dissertation was not observed to improve the sensitivity 
to either F0 or VTL differences, but rather it was found 
to enhance overall SoS intelligibility. This effect was 
suspected to be caused by an improvement to the local 
TMR rather than an improvement to the inherent voice 
differences between the two competing talkers. Thus, 
even though spectral enhancement as implemented 
here did not yield any observable benefit in either F0 
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or VTL sensitivities, the fact that it was demonstrated 
to improve SoS perception supports the use of such 
strategies in actual implants as a way of addressing the 
main problem statement highlighted in the introduction 
of this dissertation.

4. Finally, manipulating the resolution dedicated to lower 
frequency components (below 3 kHz), where most 
formants lie, was observed to influence the sensitivity to 
VTL differences, which may also potentially influence 
SoS perception. This finding also supports optimizing 
the frequency-to-electrode quantization map for each 
CI user individually to better relay VTL cues.
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1. bAckground

Cochlear implants (CIs) are surgically-implanted 
neuroprosthetic electrical devices that restore the sensation of 
hearing in deaf and hard-of-hearing individuals. In a CI, signal 
processing algorithms quantize incoming sounds into several 
discrete frequency channels which are then converted into electrical 
signals to stimulate the designated implanted electrodes. While 
CI users’ speech intelligibility scores in quiet are usually good, 
understanding speech masked by background noise, especially 
another competing talker, is still quite challenging. In a survey 
of 247 adult CI users, while 93% of the respondents indicated 
their satisfaction with speech intelligibility in quiet, only about 
30% indicated a similar experience for speech perception in 
noise. Speech masked by a competing talker is thus considered 
an important problem for CI users because it describes everyday 
listening situations, such as family gatherings, outings in crowded 
areas, and work environments consisting of open-space offices.

To differentiate between speakers, normal hearing (NH) 
listeners utilize several acoustic cues including the speaker’s 
pitch, manner of articulation, regional accent, and speaking 
style. Together, these cues contribute to the color of the speaker’s 
voice. This dissertation mainly focused on two fundamental 
voice cues that arise from the speaker’s anatomy, namely, the 
voice pitch (F0) and the vocal tract length (VTL), as they have 
been shown consistently in the literature to be not only related 
to the perception of the speaker’s age, gender, and identity in 
NH listeners, but also related to speech intelligibility in the 
presence of a competing talker (speech-on-speech; SoS). The 
literature has also shown that CI users experience difficulties 
perceiving those two cues, with VTL cue perception constituting 
a higher challenge than F0 cue perception. Thus, a key aim 
of this dissertation was to investigate whether the difficulties 
experienced by CI users in SoS perception were related to their 
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inability to properly perceive F0 and VTL cues, and whether 
optimizing implant parameters, such as signal processing 
algorithms, stimulation patterns, or the frequency-to-electrode 
allocation mapping, could help improve the perception of such 
cues in CI listeners. 

2. methodologicAl APProAch

To address these research questions, in this dissertation, I 
developed experimental paradigms that were based on existing 
psychoacoustic tasks and speech material from the literature. 
In the first task, I measured SoS intelligibility, the per-word 
intelligibility of the target speaker as it was masked by a 
concurrent talker, as a function of increasing the F0 and VTL 
difference between the two simultaneous talkers. F0 and VTL 
of the original target speaker were synthetically manipulated to 
produce the desired masker speaker’s voice. In the second task, 
I measured SoS comprehension as a function of the F0 and VTL 
difference between the target and masker speakers in a similar 
way to that applied in the first task. For SoS comprehension, 
participants were requested to assess whether the entire target 
sentence made sense or not, as opposed to SoS intelligibility in 
which participants were scored based on the number of words 
correctly repeated from the target sentence. In the third task, I 
measured participants’ sensitivities to F0 and VTL by computing 
the smallest F0 and VTL differences they could reliably detect; 
the just-noticeable-difference (JND). 

I tested different voice spaces for F0 and VTL differences, 
namely, the child speaker space and the male speaker space relative 
to the female speaker space. This was driven by the expectation 
that these voice spaces may be represented differently in the 
implant stimulation pattern, and hence, may yield different 
speech perception results in CI users. Additionally, to obtain a 
better generalizability of the results, I ran my experiments on 
a range of CI users spanning more than one native language: 
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a Dutch-speaking group (Chapters 2 and 5) and a German-
speaking group (Chapters 3 and 4). This involved porting the 
Dutch tasks to the German language.

3. reseArch questions And findings of 
this dissertAtion

The three psychoacoustic tasks were deployed to answer 
four main questions, to each of which a separate chapter was 
devoted. In Chapter 2, the question of whether SoS perception 
(intelligibility and comprehension) is related to CI users’ 
sensitivity to F0 and VTL differences was investigated. SoS 
intelligibility and comprehension in the female-child speaker 
space were assessed in both Dutch-speaking NH and CI 
listeners, and F0/VTL JNDs were measured for the CI group. 
The data revealed that while NH listeners gained a benefit in 
SoS perception from increasing the F0 and VTL differences 
between a female target speaker and a child masker, CI users 
on the contrary did not and, in fact, demonstrated a small but 
significant decrement in performance with an increasing VTL 
difference. This decrement was found to be correlated with the 
CI users’ sensitivity to VTL differences. Additionally, CI users’ 
overall SoS perception was correlated with both F0 and VTL 
sensitivity, but not to either of them in isolation. These findings 
highlight the importance of voice cue perception in SoS-related 
tasks.

In Chapter 3, the question of whether parasitic channel 
interaction in the implant could influence the relationship 
between SoS perception and voice cue sensitivity in CI users 
was investigated. Channel interaction in the implant is a side-
effect of electrical stimulation inside the conductive fluid-
filled cochlea. Current spreads across neighboring electrodes 
introducing cross-talk and, subsequently, reduces the spectral 
resolution in the implant. SoS perception was assessed in the 
region encompassing female to male voice transitions in the F0-
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VTL space. The data revealed that increased channel interaction 
could play an important role in the degradation of both SoS 
perception and reduced F0/VTL sensitivity in CI users. In 
addition, F0 and VTL manipulations of female voices towards 
male-like voices yielded an improvement in SoS perception in CI 
users. This finding contrasted with the observation in Chapter 
2 regarding manipulations from female voices towards child-like 
masker voices.

In Chapter 4, the potential of improving the relationship 
between SoS perception and voice cue sensitivity in CI users using 
a spectral contrast enhancement (SCE) algorithm was assessed. 
The SCE algorithm attempts to enhance the representation of 
the spectral peaks in the signal as these peaks carry important 
formant frequency information and may encode essential VTL-
related cues. Results revealed that while SCE had the potential 
of improving SoS intelligibility (there was no observable effect on 
SoS comprehension), sensitivity to either F0 or VTL differences 
remained unaffected. This outcome indicates that SCE could 
effectively be improving the overall signal-to-noise ratio of the 
SoS input rather than enhancing the sensitivity to the underlying 
voice differences between the two competing talkers.

Finally, in Chapter 5, the potential of manipulating the 
frequency-to-electrode allocation map to improve VTL sensitivity 
was investigated in vocoder simulations of CI processing with 
NH listeners. The frequency-to-electrode allocation map in a 
CI defines how the acoustic frequency range of the incoming 
signal is to be quantized and distributed among the implanted 
electrodes. The data revealed that when an insufficient number 
of frequency channels (simulated electrodes) is assigned to the 
range below 3 kHz, where most formant frequency information 
is present, sensitivity to VTL differences is lowest. When the 
number of such channels increases, sensitivity to VTL differences 
improves. These findings indicate that the careful optimization 
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of frequency-to-electrode allocation maps may be crucial for 
successfully transmitting important VTL-related information. In 
the clinic, such maps are seldom customized for each participant 
and because of the variability in cochlear dimensions, electrode 
array lengths, and insertion depths, the standard frequency-to-
electrode map is rarely aligned with the corresponding place of 
stimulation along the basilar membrane.

4. conclusions

CI users experience difficulties in SoS perception that 
appear to be related to their low sensitivity to F0 and VTL 
differences. These difficulties could be enhanced by applying 
advanced signal processing algorithms or channel stimulation 
patterns optimized for reducing parasitic channel interaction. 
Another approach that may be followed either in isolation or 
in combination with the aforementioned solutions would be to 
optimize implant parameters such as the frequency-to-electrode 
allocation map. Such approaches should be carried out bearing 
in mind that the representation of voice cues in the implant 
vary depending on the nature of the voice space (male, female, 
or children’s voice spaces). This indicates that an optimization 
technique may enhance the representation, and hence perception, 
of a group of voices at the expense of the others. The conclusions 
from this dissertation underscore the importance of optimizing 
implant parameters on an individual basis and that a one-size-
fits all optimization strategy would not yield optimum results in 
the CI population as a whole.
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1. Achtergrond

Cochleaire implantaten (CI’s) zijn chirurgisch 
geïmplanteerde neuroprothetische elektrische apparaten die 
het gehoor herstellen in dove en slechthorende personen. In 
een CI, kwantiseren en verdelen signaalverwerkingsalgoritmen 
binnenkomende geluiden over een aantal verschillende 
frequentiekanalen. Per frequentiekanaal worden vervolgens 
elektrische signalen gegenereerd om specifieke elektroden van 
het CI te stimuleren om elektrische pulsen af te geven. Hoewel de 
spraakverstaanbaarheidscores van CI-gebruikers in een rustige 
omgeving meestal goed zijn, is de spraakverstaanbaarheid in 
een luidruchtige omgeving moeilijk voor CI gebruikers, zeker 
als de omgeving andere sprekers bevat. In een enquête onder 
247 volwassen CI-gebruikers gaf 93% van de respondenten aan 
dat ze tevreden waren over de spraakverstaanbaarheid in stilte, 
terwijl slechts 30% een vergelijkbare tevredenheid aangaf voor 
spraakperceptie in een luidruchtige omgeving. Het verstaan van 
spraak dat gemaskeerd is door een concurrerende spreker wordt 
dus beschouwd als een belangrijk probleem voor CI-gebruikers. 
Temeer omdat dit vaak in alledaagse luistersituaties voorkomt 
zoals bij familiebijeenkomsten, uitstapjes in drukke gebieden en 
werkomgevingen en in open kantoren.

Om onderscheid te maken tussen sprekers, gebruiken 
luisteraars die normaal horen (NH) verschillende akoestische 
signalen waaronder de toonhoogte van de spreker, de wijze van 
articulatie, het regionale accent en de spreekstijl. Samen dragen 
deze signalen bij tot de “kleur” van de stem van de spreker. Dit 
proefschrift concentreert zich voornamelijk op twee fundamentele 
akoestische signalen van de stem die voortkomen uit de anatomie 
van de spreker, namelijk de stemhoogte (F0) en de lengte van 
het spraakkanaal (VTL). Uit de literatuur blijkt consistent 
dat F0 en VTL niet alleen gerelateerd zijn aan de waarneming 
van de leeftijd, het geslacht en de identiteit van de spreker in 
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NH luisteraars, maar ook aan spraakverstaanbaarheid in de 
aanwezigheid van een concurrerende spreker (spraak-op-spraak, 
SoS). De literatuur heeft ook aangetoond dat CI-gebruikers 
moeilijkheden ondervinden bij het waarnemen van F0 en met 
name VTL. Een belangrijk doel van dit proefschrift is dan ook 
om te onderzoeken of de moeilijkheden die CI-gebruikers in de 
SoS waarneming ervaren gerelateerd zijn aan hun onvermogen 
om F0- en VTL-signalen goed waar te nemen. Een tweede doel is 
bestuderen of het optimaliseren van bepaalde parameters van het 
CI, zoals signaalverwerkingsalgoritmen, stimulatiepatronen en 
de frequentie-naar-elektrodetoewijzingskaart zou kunnen helpen 
bij het verbeteren van de perceptie van dergelijke signalen in 
CI-gebruikers.

2. methodologische AAnPAk

Om deze onderzoeksvragen te bestuderen zijn in dit 
proefschrift drie experimentele methoden ontwikkeld gebaseerd 
op bestaande psychoakoestischetaken en spraakmateriaal uit 
de literatuur. Deze methoden zijn vervolgens getest op NH’s 
en CI-gebruikers om de onderzoeksvragen te beantwoorden. 
In de eerste methode is de SoS-verstaanbaarheid (de per 
woord verstaanbaarheid van de doelspreker terwijl deze werd 
gemaskeerd door een gelijktijdige spreker) gemeten. De SoS-
verstaanbaarheid is gemeten als een functie van het vergroten 
van het F0- en het VTL-verschil tussen de twee gelijktijdige 
sprekers. De F0 en VTL van de oorspronkelijke doelspreker 
werden synthetisch gemanipuleerd om de stem van de gewenste 
maskeerspreker te produceren. 

In de tweede methode is op een vergelijkbare manier het 
SoS-begrip gemeten als een functie van het F0- en het VTL-
verschil tussen de doel- en maskeersprekers. Om het SoS-begrip 
te meten werden de deelnemers gevraagd te beoordelen of de 
gehele doelzin zinvol was (betekenis had)  of niet. Dit wijkt af 
van het eerste experiment, waarbij deelnemers werden gescoord 
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op basis van het aantal woorden dat correct werd herhaald uit 
de doelzin. 

In de derde taak is de gevoeligheid voor F0 en VTL 
spraaksignalen gemeten door het kleinste verschil in F0 en VTL 
dat deelnemers konden herkennen te meten; het net merkbare 
verschil (just noticeable difference, JND). Er zijn verschillende 
“stemruimte” combinaties gemeten voor combinaties van 
verschillen in F0 en VTL, namelijk combinaties die lijken op de 
“stemruimte” van een kinderlijke spreker en een mannelijke spreker 
ten opzichte van combinaties die lijken op de “stemruimte” van 
een vrouwelijke spreker. Dit werd gedreven door de verwachting 
dat deze stemruimtes mogelijk anders vertegenwoordigd kunnen 
zijn in het stimulatiepatroon van het CI en er dus verschillen 
kunnen zijn in spraakperceptie van de CI-gebruiker afhankelijk 
van de “stemruimte” van de spreker. Om de resultaten beter 
te kunnen generaliseren, zijn deze experimenten uitgevoerd 
op CI-gebruikers die verschillende moedertalen hadden: een 
Nederlandstalige groep (hoofdstuk 2 en 5) en een Duitstalige 
groep (hoofdstuk 3 en 4). Hiervoor zijn de materialen voor de 
Nederlands sprekende groep omgezet in materialen voor een 
Duits sprekende groep.

3. ondErzoEkSVragEn En bEVindingEn Van 
dit Proefschrift

De drie psychoakoestische taken zijn ingezet om vier 
hoofdvragen te beantwoorden. Deze vier vragen worden apart 
behandeld in vier verschillende hoofdstukken. In hoofdstuk 
2 is onderzocht of SoS waarneming (verstaanbaarheid en 
begrip) verband houdt met de gevoeligheid van CI-gebruikers 
voor verschillen in F0 en VTL. In Nederlands sprekende NH 
luisteraars en CI-gebruikers is de SoS-verstaanbaarheid en het 
SoS-begrip tussen de vrouwelijke en kinderlijk “stemruimtes” 
onderzocht. Daarbij zijn bij de CI-gebruikers de F0/VTL JNDs 
gemeten. De resultaten van deze studie toonden aan dat NH 
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luisteraars een voordeel ondervonden van het vergroten van de 
F0 en VTL verschillen tussen een vrouwelijke doelspreker en 
een kinderlijke maskeerspreker. CI-gebruikers ondervonden hier 
daarentegen geen voordeel aan en hadden een significant lagere 
score met een verhoogd verschil in VTL. De lagere score van 
CI-gebruikers bleek te zijn gecorreleerd met de gevoeligheid van 
de CI-gebruikers voor VTL-verschillen. Bovendien was de totale 
SoS-waarneming van CI-gebruikers gecorreleerd met zowel F0- 
als VTL-gevoeligheid, maar niet met elk van hen afzonderlijk. 
Deze bevindingen benadrukken het belang van de perceptie van 
akoestische signalen van de stem in SOS-gerelateerde taken.

In hoofdstuk 3 is onderzocht of parasitaire kanaalinteracties 
in het CI de relatie tussen de SoS-perceptie en de gevoeligheid 
voor akoestische signalen van de stem konden beïnvloeden in 
CI-gebruikers. Kanaalinteracties in het CI zijn een bijeffect van 
elektrische stimulatie in het met geleidende vloeistof gevulde 
slakkenhuis. Stroomdiffusie over naburige elektrodes van het CI 
introduceert interferentie wat leidt tot een vermindering van de 
resolutie van het CI. De SoS-perceptie werd onderzocht in de 
ruimte tussen vrouwelijke en mannelijke stem transities in de 
F0-VTL “stemruimte”. De resultaten van dit onderzoek tonen 
aan dat een verhoogde kanaalinteractie een belangrijke rol zou 
kunnen spelen bij de degradatie van zowel de SoS-perceptie 
als de verminderde F0/VTL-gevoeligheid van CI-gebruikers. 
Bovendien leverden F0 en VTL manipulaties van vrouwelijke 
stemmen naar mannelijke stemmen een verbetering op van 
de SoS- perceptie van CI-gebruikers. Deze bevinding staat in 
contrast met de observatie in hoofdstuk 2 over manipulaties van 
vrouwelijke stemmen naar kinderlijke maskeerstemmen.

In hoofdstuk 4 is onderzocht of de relatie tussen SoS-
perceptie en de gevoeligheid voor akoestische signalen van de 
stem werd verbeterd door gebruik te maken van een algoritme 
(SCE) dat het spectraalcontrast vergroot. Het SCE-algoritme 
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probeert de weergave van de spectrale pieken in het signaal 
te verbeteren, aangezien deze pieken belangrijke informatie 
bevatten over de frequentie van formanten en kunnen coderen 
voor essentiële VTL-gerelateerde signalen. De resultaten van 
deze studie tonen aan dat hoewel SCE het potentieel had om 
de score van de SoS-verstaanbaarheid te verbeteren (er was 
geen waarneembaar effect op het SoS-begrip), de gevoeligheid 
van deelnemers voor F0- of VTL-verschillen onveranderd bleef. 
Deze uitkomst geeft aan dat SCE de signaal/ruis-verhouding 
van de SoS-invoer effectief zou kunnen verbeteren in plaats van 
de gevoeligheid voor de onderliggende stemverschillen tussen de 
twee concurrerende sprekers te verbeteren.

Tenslotte is in hoofdstuk 5 onderzocht of het manipuleren 
van de frequentie-naar-elektrodeallocatiekaart de gevoeligheid 
voor verschillen in VTL verhoogt door middel van vocoder 
simulaties of door CI-simulaties bij NH luisteraars. De frequentie-
naar-elektrodetoewijzingskaart in een CI definieert hoe het 
akoestische frequentiebereik van het binnenkomende signaal 
moet worden gekwantiseerd en verdeeld over de geïmplanteerde 
elektroden. De resultaten van deze studie tonen aan dat wanneer 
er een onvoldoende aantal frequentiekanalen (of gesimuleerde 
elektroden) is toegewezen aan het bereik onder 3 kHz, waar de 
meeste formantfrequentie informatie aanwezig is, de gevoeligheid 
voor VTL verschillen het laagst is. Wanneer het aantal van 
dergelijke kanalen toenam, verbeterde de gevoeligheid voor 
VTL-verschillen. Deze bevindingen geven aan dat de zorgvuldige 
optimalisatie van frequentie-naar-elektrodetoewijzingskaarten 
cruciaal kan zijn voor het succesvol detecteren van belangrijke 
VTL-gerelateerde informatie. In de kliniek worden dergelijke 
kaarten zelden aangepast op de individuele patient en door 
de variaties in afmetingen van de cochlea, de lengte van de 
elektrodereeks en inbrengdiepte, wordt de standaard frequentie-
naar-elektrodetoewijzingskaart zelden geoptimaliseerd naar 
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de overeenkomstige plaats van stimulatie langs het basilaire 
membraan.

4. conclusies

CI-gebruikers ervaren problemen in de SoS-perceptie 
die verband lijken te houden met hun lage gevoeligheid voor 
verschillen in F0 en VTL. Deze problemen kunnen worden 
verbeterd door ten eerste de toepassing van geavanceerde 
signaalverwerkingsalgoritmen of kanaalstimulatiepatronen 
die zijn geoptimaliseerd voor het verminderen van parasitaire 
kanaalinteracties. Een  tweede benadering die kan worden gevolgd, 
in isolatie of in combinatie met de hiervoor genoemde oplossing, 
is om implantatieparameters zoals de frequentie-naar-elektrode-
allocatiekaart te optimaliseren. Dergelijke benaderingen zouden 
rekening moeten houden met het feit dat de weergave van de 
akoestische signalen van de stem verschillen afhankelijk van de 
aard van de “stemruimte” (mannelijke, vrouwelijke, of kinderlijke 
“stemruimtes”). Deze twee mogelijke verbeteringen geven aan 
dat een optimalisatietechniek de representatie en dus perceptie 
van een bepaalde spreker ten koste van de perceptie van andere 
sprekers kan verbeteren. De conclusies uit dit proefschrift 
onderstrepen het belang van het optimaliseren van CI parameters 
op een individuele basis en dat een “one-size-fits-all” strategie 
geen optimale resultaten oplevert voor de gehele populatie van 
CI-gebruikers.
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1. Makrelen ademen door 
kiewen

Makrelen atmen durch 
Kiemen

2. Bevers bouwen dammen in 
de rivier

Biber bauen Dämme im Fluss

3. Bisschoppen dragen kleren Bischöfe tragen Kleidung
4. Ezels dragen zware 

vrachten
Esel tragen schwere Lasten

5. Pinguïns eten veel vis Pinguine essen viel Fisch
6. Tomaten groeien aan 

planten
Tomaten wachsen an 
Sträuchern

7. Wortels groeien in een 
moestuin

Karotten wachsen im Gemüse 
Garten

8. Architecten hebben een 
beroep

Architekten haben einen 
Beruf

9. Roodborstjes hebben een 
snavel

Rotkehlchen haben einen 
Schnabel

10. Luipaarden hebben een 
vacht

Leoparden haben ein Fell

11. Vaders zijn ouders Menschen haben Hände
12. Leeuwen hebben manen Löwen haben Mähnen

13. Forellen hebben schubben Forellen haben Schuppen
14. Haaien hebben sterke 

tanden
Haie haben kräftige Zähne

15. Nachtegalen hebben veren Spatzen haben Federn
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1. Bisschoppen ademen door 
kieuwen

Bischöfe atmen durch Kiemen

2. Tafels bouwen dammen in 
de rivier

Tische bauen Dämme im 
Fluss

3. Otters dragen kleren Otter tragen Kleidung
4. Blikopeners dragen zware 

vrachten
Dosenöffner tragen schwere 
Lasten

5. Druiven eten veel vis Trauben essen viel Fisch
6. 1.Chirurgen groeien aan 

planten
Chirurgen wachsen an 
Sträuchern

7. Bevers groeien in een 
moestuin

Biber wachsen im Gemüse 
Garten

8. Wortels hebben een beroep Karotten haben einen Beruf

9. Bromfietsen hebben een 
snavel

Mopeds haben einen Schnabel

10. Forellen hebben een vacht Forellen haben ein Fell

11. Haaien hebben handen Haie haben Hände
12. Nachtegalen hebben 

manen
Spatzen haben Mähnen

13. Pinguïns hebben schubben Pinguine haben Schuppen
14. Tomaten hebben sterke 

tanden
Tomaten haben kräftige 
Zähne

15. Makrelen hebben veren Makrelen haben Federn
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16. Beren hebben vier poten Bären haben vier Pfoten
17. Vlinders hebben 

voelsprieten
Schmetterlinge haben Fühler

18. Wetenschappers moeten 
lang studeren

Wissenschaftler müssen lange 
studieren

19. Slagers hebben winkels Metzger haben Geschäfte
20. Kasten zijn van hout Schränke sind aus Holz
21. Lammetjes komen van 

schapen
Lämmchen sind Kinder von 
Schafen

22. Ratelslangen kruipen op 
hun buik

Klapperschlangen kriechen 
auf ihrem Bauch

23. Otters kunnen goed 
zwemmen

Otter können gut schwimmen

24. Blikopeners kunnen in 
winkels gekocht worden

Dosenöffner können in 
Geschäften gekauft werden

25. Ezels kunnen koppig zijn Esel können stur sein
26. Ganzen kunnen ver vliegen Gänse können weit fliegen
27. Druiven zijn eetbaar Trauben sind essbar
28. Chirurgen moeten lang 

studeren
Chirurgen müssen lange 
studieren

29. Bromfietsen rijden op de 
weg

Mopeds fahren auf der Straße 

30. Bijen vliegen rond op zoek 
naar voedsel

Bienen fliegen herum um 
Futter zu suchen
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16. Lepels hebben vier poten Löffel haben vier Pfoten
17. Schuurtjes hebben 

voelsprieten
Schuppen haben Fühler 

18. Aardappels hebben voeten Kartoffeln haben Füße
19. Leeuwen hebben winkels Löwen haben Geschäfte
20. Mieren zijn van hout Ameisen sind aus Holz
21. Vlinders komen van 

schapen
Schmetterlinge sind Kinder 
von Schafen

22. Hamers kruipen op hun 
buik

Hämmer kriechen auf ihrem 
Bauch

23. Autos kunnen goed 
zwemmen

Autos können gut schwimmen

24. Tantes kunnen in winkels 
gekocht worden

Tanten können in Geschäften 
gekauft werden

25. Kroketten kunnen koppig 
zijn

Pommes können stur sein

26. Asperges kunnen ver 
vliegen

Spargel kann weit fliegen

27. Messen zijn eetbaar Messer sind essbar
28. Biefstukken moeten lang 

studeren
Steaks müssen lange 
studieren

29. Wijnflessen rijden op de 
weg

Weinflaschen fahren auf der 
Strasse

30. Wandelschoenen vliegen 
rond op zoek naar voedsel

Wanderschuhe fliegen herum 
um Futter zu suchen
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31. Kapiteins voeren het bevel 
op schepen

Kapitäne haben den Befehl 
über Schiffe

32. Presidenten werken in de 
politiek

Präsidenten arbeiten in der 
Politik

33. Monniken wonen in een 
klooster

Mönche wohnen in einem 
Kloster

34. Messen worden gebruikt 
als keukengerei

Messer werden als 
Küchenutensilien genutzt

35. Lepels worden gebruikt 
voor het eten van soep

Löffel werden zum 
Suppeessen benötigt

36. Schuurtjes worden gebruikt 
voor opslag

Schränke werden zur 
Lagerung genutzt 

37. Aardappels worden 
geschild

Kartoffeln werden geschält

38. Sloffen worden gemaakt in 
een fabriek

Pantoffeln werden in einer 
Fabrik angefertigt

39. Heggenscharen worden in 
de tuin gebruikt

Heckenscheren werden im 
Garten benötigt

40. Biefstukken worden 
verkocht door slagers

Steaks werden vom Metzger 
verkauft

41. Wijnflessen hebben een 
kurk

Weinflaschen haben einen 
Korken

42. Tantes zijn altijd vrouwen Tanten sind ältere Frauen
43. Ooms zijn deel van de 

familie
Onkel sind Teil der Familie

44. Bananen zijn fruit Bananen sind Früchte

45. Wandelschoenen zijn 
gefabriceerde goederen

Wanderschuhe sind 
produzierte Waren
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31. Luipaarden voeren het 
bevel op schepen

Leoparden haben den Befehl 
über Schiffe

32. Roodborstjes werken in de 
politiek

Rotkehlchen arbeiten in der 
Politik

33. Ezels wonen in een 
klooster

Esel wohnen in einem Kloster

34. Ratelslangen worden 
gebruikt als keukengerei

Klapperschlangen werden als 
Küchenutensilien genutzt

35. Presidenten worden 
gebruikt voor het eten van 
soep

Präsidenten werden zum 
Suppeessen benötigt

36. Kapiteins worden gebruikt 
voor opslag

Kapitäne werden zur 
Lagerung genutzt

37. Monniken worden geschild Mönche werden geschält
38. Tijgers worden gemaakt in 

een fabriek
Tiger werden in einer Fabrik 
angefertigt

39. Taarten worden in de tuin 
geplant

Torten werden im Garten 
benötigt

40. Architecten worden 
verkocht door slagers

Architekten werden von 
Metzgern verkauft

41. Politieagenten hebben een 
kurk

Polizisten haben einen 
Korken

42. Heggenscharen zijn altijd 
vrouwen

Heckenscheren sind ältere 
Frauen

43. Ezels zijn deel van de 
familie

Esel sind Teil der Familie

44. Giraffes zijn fruit Giraffen sind Früchte

45. Wetenschappers zijn 
gefabriceerde goederen

Wissenschaftler sind 
produzierte Waren
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46. Kroketten zijn gefrituurd Pommes sind frittiert
47. Asperges zijn groenten Rüben sind Gemüse
48. Taarten worden in een 

oven gebakken
Torten werden im Ofen 
gebacken

49. Mieren zijn klein Ameisen sind klein
50. Olifanten zijn levende 

wezens
Elefanten sind Lebewesen

51. Tafels zijn meubels Tische sind Möbel
52. Stoelen zijn om op te 

zitten
Stühle sind zum Hinsetzen

53. Auto's gebruiken benzine Autos nutzen Benzin
54. Kakkerlakken zijn insecten Kakerlaken sind Insekten
55. Dolfijnen zijn zoogdieren Delphine sind Säugetiere
56. Hamers zitten in de 

gereedschapskist
Hämmer sind in der 
Werkzeugkiste

57. Ministers zitten in de 
regering

Minister sitzen in der 
Regierung

58. Giraffes hebben een lange 
nek

Giraffen haben einen langen 
Hals

59. Politieagenten lopen op 
straat

Polizisten laufen auf der 
Straße

60. Een pelikaan is een soort 
vogel

Ein Pelikan ist ein Vogel
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46. Beren zijn gefrituurd Bären sind frittiert
47. Ganzen zijn groenten Gänse sind Gemüse
48. Ministers worden in een 

oven gebakken
Minister werden im Ofen 
gebacken

49. Olifanten zijn klein Elefanten sind klein
50. Kasten zijn levende wezens Schränke sind Lebewesen

51. Kakkerlakken zijn meubels Kakerlaken sind Möbel
52. Ooms zijn om op te zitten Onkel sind zum Hinsetzen

53. Dolfijnen gebruiken 
benzine

Delphine nutzen Benzin

54. Sloffen zijn insecten Pantoffeln sind Insekten
55. Bananen zijn zoogdieren Bananen sind Säugetiere
56. Vaders zitten in de 

gereedschapskist
Väter sind in der 
Werkzeugkiste

57. Lammetjes zitten in de 
regering

Lämmchen sitzen in der 
Regierung

58. Bijen hebben een lange 
nek

Bienen haben einen langen 
Hals

59. Stoelen lopen op straat Stühle laufen auf der Straße

60. Een kameel is een soort 
vogel

Ein Kamel ist ein Vogel
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61. Een adelaar heeft vleugels Ein Adler hat Flügel
62. Een aardbei is een soort 

vrucht
Eine Erdbeere ist eine Frucht 

63. Een appel is zoet Ein Apfel ist süß
64. Een varken is een zoogdier Ein Schwein ist ein Säugetier
65. Een been is een 

lichaamsdeel
Ein Bein ist ein Körperteil

66. Een hand heeft vingers Eine Hand hat Finger
67. Een stekelbaars is een 

soort vis
Ein Barsch ist eine Sorte 
Fisch

68. Een gitaar is een 
muziekinstrument

Eine Gitarre ist ein 
Musikinstrument

69. Een waterpomptang is 
gereedschap

Eine Rohrzange ist ein 
Werkzeug

70. Mensen dragen sokken aan 
hun voeten

Menschen tragen Strümpfe an 
ihren Füßen

71. Sommige mensen hebben 
honden als huisdieren

Manche Menschen haben 
Hunde als Haustiere

72. De meeste vrachtwagens 
rijden op diesel

Die meisten Lkw fahren mit 
Diesel

73. Spanje is een land in 
Europa

Spanien ist ein Land in 
Europa 

74. Een paard heeft vier benen Ein Pferd hat vier Beine

75. Beweging is goed voor je 
gezondheid

Bewegung ist gut für die 
Gesundheit
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61. Een panter heeft vleugels Ein Panther hat Flügel
62. Een kool is een soort 

vrucht
Kohl ist eine Frucht

63. Een boon is zoet Eine Bohne ist süß
64. Een mus is een zoogdier Ein Spatz ist ein Säugetier
65. Een overhemd is een 

lichaamsdeel
Ein Hemd ist ein Körperteil

66. Een schoen heeft vingers Ein Schuh hat Finger
67. Een aap is een soort vis Ein Affe ist eine Sorte Fisch

68. Een boor is een 
muziekinstrument

Ein Bohrer ist ein 
Musikinstrument

69. Een viool is gereedschap Eine Geige ist ein Werkzeug

70. Mensen dragen een broek 
aan hun handen

Menschen tragen eine Hose 
an den Händen

71. Sommige mensen hebben 
giraffes als huisdier

Manche Menschen haben 
Giraffen als Haustiere

72. De meeste autos rijden op 
appelsap

Die meisten Autos fahren mit 
Apfelsaft

73. Denemarken is een land in 
Afrika

Dänemark ist ein Land in 
Afrika

74. Een paard heeft drie benen Ein Pferd hat drei Beine

75. Roken is goed voor je 
gezondheid

Rauchen ist gut für die 
Gesundheit
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76. Een minuut heeft zestig 
seconden

Eine Minute hat sechzig 
Sekunden

77. Bier bevat alcohol Bier enthält Alkohol
78. Amerikanen hebben op de 

maan gelopen
Amerikaner haben den Mond 
betreten

79. Sommige mensen drinken 
koffie met suiker

Einige Menschen trinken 
Kaffee mit Zucker

80. Krokodillen eten soms 
kinderen op

Krokodile fressen manchmal 
Kinder

81. Een plant heeft water 
nodig om te leven

Eine Pflanze braucht Wasser 
zum Leben

82. Een rood licht betekent 
stop

Eine rote Ampel bedeutet 
Anhalten

83. Perkament wordt gemaakt 
van leer

Pergament wird aus Tierhaut 
hergestellt

84. Een tank is een 
oorlogwapen

Ein Panzer ist eine 
Kriegswaffe

85. Hindoeïsme is een religie Hinduismus ist eine Religion

86. Spaghetti is een Italiaans 
gerecht

Spaghetti sind eine 
italienische Speise

87. Een arts kan je helpen als 
je ziek bent

Ein Arzt kann dir helfen, 
wenn du krank bist

88. Fietsen is meestal sneller 
dan lopen

Fahrradfahren ist meist 
schneller als Laufen

89. Kinderen zijn vaak bang in 
het donker

Kinder haben oft Angst im 
Dunkeln

90. Baksteen is een goed 
materiaal voor gebouwen

Ziegelsteine sind gut zum 
Hausbau geeignet
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76. Een uur is vijfenveertig 
minuten

Eine Stunde hat 
fünfundvierzig Minuten

77. Melk bevat alcohol Milch enthält Alkohol
78. Mensen hebben op de zon 

gelopen
Menschen haben die Sonne 
betreten

79. Sommige mensen drinken 
thee met zout

Einige Menschen trinken Tee 
mit Salz

80. Olifanten eten soms 
mensen

Elefanten fressen manchmal 
Menschen

81. Een boom heeft melk 
nodig om te leven

Ein Baum braucht Milch zum 
Leben

82. Een groen licht betekent 
stop

Eine grüne Ampel bedeutet 
Anhalten

83. Papier wordt gemaakt van 
onkruid

Papier wird aus Unkraut 
hergestellt

84. Een fiets is een 
oorlogswapen

Ein Fahrrad ist eine 
Kriegswaffe

85. Boeddhisme is een 
politieke theorie

Kommunismus ist eine 
Religion

86. Spaghetti is een Frans 
gerecht

Spaghetti sind eine 
französisch Speise

87. Een loodgieter kan je 
helpen als je ziek bent

Ein Klempner kann dir 
helfen, wenn du krank bist

88. Fietsen is meestal 
langzamer dan lopen

Fahrradfahren ist meist 
langsamer als Laufen

89. Kinderen zijn nooit bang 
in het donker

Kinder haben niemals Angst 
im Dunkeln

90. Papier is een goed 
materiaal voor gebouwen

Papier ist gut zum Hausbau 
geeignet
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91. Boekhouden is een beroep Buchhalter ist ein Beruf

92. Juli is een zomermaand Juli ist ein Sommermonat
93. Een step is gemakkelijk te 

besturen
Ein Roller ist einfach zu 
fahren

94. Een vrachtwagen heeft een 
motor

Ein Lkw hat einen Motor

95. Een krukje is een soort 
meubel

Ein Hocker ist ein 
Möbelstück

96. Een wortel is knapperig Eine Karotte ist knackig

97. Een smaragd is een 
edelsteen

Ein Smaragd ist ein Edelstein

98. De hoofdstad van 
Frankrijk is Parijs

Die Hauptstadt von 
Frankreich ist Paris

99. Een musicus kan goed 
piano spelen

Ein Musiker kann gut Klavier 
spielen

100. Gras is meestal rood Gras ist meist rot
101. Konijnen eten olifanten op Kaninchen fressen Elefanten

102. De zon is koud Die Sonne ist kalt

103. Duitsland is een land op 
de maan

Deutschland ist ein Land auf 
dem Mond
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91. Boekhouden is een 
kunstvorm

Buchhalter ist eine 
Kunstform

92. Juni is een wintermaand Juni ist ein Wintermonat
93. Een lamp is goed te 

besturen
Eine Lampe ist gut zu fahren

94. Een bed heeft een motor Ein Bett hat einen Motor

95. Een schip is een soort 
meubel

Ein Schiff ist ein Möbelstück

96. Een sinaasappel is 
knapperig

Eine Orange ist knackig

97. Een baksteen is een 
edelsteen

Ein Ziegelstein ist ein 
Edelstein

98. De hoofdstad van 
Nederland is Brussel

Die Hauptstadt von 
Deutschland ist Brüssel

99. Een kip kan goed gitaar 
spelen

Ein Huhn kann gut Gitarre 
spielen

100. Muizen zijn klein Mäuse sind klein
101. Auto's zijn meestal sneller 

dan fietsers
Autos sind meist schneller als 
Fahrräder

102. Zebra's hebben zwarte en 
witte strepen

Zebras haben schwarze und 
weiße Streifen

103. Leraren staan voor de klas Lehrer stehen vor der Klasse
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List of Acronyms

ACE Advanced combination encoder
ADHD Attention Deficit Hyperactivity Disorder
AGC Adaptive gain control
ANOVA Analysis of variance
CI  Cochlear implant
C-level Most-comfortable current level
d/A Digital-to-Analog converter
dB Decibel
F0  Fundamental frequency
FDR False-discovery-rate correction
FFT Fast-Fourier transform
GLMM Generalized linear mixed-effects model
HA Hearing aid
HI Hearing impaired
HL Hearing level
HSM Hochmair-Shulz-Moser sentence test
IQR Inter quartile range
JND Just-noticeable difference
LGF Loudness growth function
LMM Linear mixed-effects model
NVA Nederlandse Vereniging voor Audiologie corpus
NH Normal hearing
RMS Root-mean-square
RT Response time
SCE Spectral contrast enhancement
SNR Signal-to-noise ratio
SoS Speech-on-speech
SPL Sound pressure level
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SSN Steady-state noise
st  Semitone
STFFT Short-time fast-Fourier transform
SVT Sentence verification task
T-level Threshold current level
TMR Target-to-masker ratio
VTL Vocal tract length
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