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Objective: To explore combined acute effects of fre-
quency shift and compression-expansion on speech
recognition, using noiseband vocoder processing.

Design: Recognition of vowels and consonants, pro-
cessed with a noiseband vocoder, was measured
with five normal-hearing subjects, between the ages
of 27 and 35 yr. The speech signal was filtered into 8
or 16 analysis bands and the envelopes were ex-
tracted from each band. The carrier noise bands
were modulated by the envelopes and resynthe-
sized to produce the processed speech. In the base-
line matched condition, the frequency ranges of the
corresponding analysis and carrier bands were the
same. In the shift only condition, the frequency
ranges of the carrier bands were shifted up or down
relative to the analysis bands. In the compression
and expansion only conditions, the analysis band
range was made larger or smaller, respectively,
than the carrier band range. By applying the shift
to carrier bands and compression or expansion to
analysis bands simultaneously, the combined ef-
fects of the two spectral distortions on speech rec-
ognition were explored.

Results: When the spectral distortions of compres-
sion-expansion or shift were applied separately, the
performance was reduced from the baseline
matched condition. However, when the two spectral
degradations were applied simultaneously, a com-
pensatory effect was observed; the reduction in
performance was smaller for some combinations
compared to the reduction observed for each distor-
tion individually.

Conclusions: The results of the present study are
consistent with previous vocoder studies with nor-
mal-hearing subjects that showed a negative effect
of spectral mismatch between analysis and carrier
bands on speech recognition. The present results
further show that matching the frequency ranges of
1 to 2 kHz, which contain important speech infor-
mation, can be more beneficial for speech recogni-
tion than matching the overall frequency ranges, in
certain conditions.

(Ear & Hearing 2007;28;277-289)
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In the human auditory system, the individual
frequencies of a complex sound can be perceived
separately. In normal hearing, the frequency selec-
tivity is further enhanced by nonlinear cochlear
mechanisms (Oxenham & Bacon, 2003). In sensori-
neural hearing loss, the cochlear nonlinearity might
be impaired, and the frequency selectivity may be
reduced (Henry et al., 2005). In cochlear implants,
frequency selectivity is mainly limited by the num-
ber of electrodes, typically 16 to 22, and a further
reduction may occur due to channel interactions. A
reduction in the spectral resolution can have nega-
tive effects on speech recognition, especially in back-
ground noise (Stelmachowicz et al., 1985; Bagkent,
2006).

In hearing aids and cochlear implants, the signal
processing can cause spectral distortions that may
additionally affect speech intelligibility. Frequency
transposition, for example, was suggested for hear-
ing aid users with steeply sloping high-frequency
hearing loss. This feature lowers the high frequency
speech components to the frequency range of resid-
ual hearing of the patient. Even though frequency
transposition provides more speech information
within the region of functional hearing, earlier stud-
ies have not shown improvement in speech intelligi-
bility compared to simple amplification (Braida et
al., 1979). Newer studies that attempted to preserve
important acoustic cues for speech in the processing,
such as the ratio of the formants (Turner & Hurtig,
1999), showed benefit for some subjects.

In cochlear implants, the input acoustic frequency
range assigned onto the electrodes does not always
match the tonotopic stimulation range; there might
be a spectral shift between the acoustic input fre-
quencies and the cochlear stimulation range. Fu &
Shannon (1999) measured the effect of frequency
shift on recognition of vowels by implant users.
Similar conditions were simulated with normal-
hearing subjects using a noiseband vocoder. In the
vocoder simulations the carrier noise bands could be
interpreted as a representation of the cochlear stimu-
lation while the analysis envelope bands could be
interpreted as a representation of the acoustic input.
Frequency shift was produced by lowering or raising
the carrier band range relative to the analysis band

0196/0202/07/2803-0277/0 ® Ear & Hearing ® Copyright © 2007 by Lippincott Williams & Wilkins ¢ Printed in the U.S.A.

277
Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



278

range. The performance by both subject groups de-
creased significantly for shifts larger than 40 to 60%.

Spectral distortions can also be caused by the
compressive or expansive mapping of the acoustic
input spectrum onto the stimulation range of the
electrodes. Bagskent & Shannon (2003) simulated
compressed and expanded frequency-place maps us-
ing noiseband vocoder processing, and measured
speech recognition by normal-hearing listeners as a
function of the acoustic input range. The perfor-
mance was best with the matched map where the
speech spectrum was truncated to match the simu-
lated stimulation range, and performance deterio-
rated when the acoustic input range was made
wider or narrower. A follow-up study (Baskent &
Shannon, 2004) showed similar degradation in
speech recognition by implant users when the acous-
tic input frequency range was manipulated.

The aforementioned studies showed the detri-
mental effects of spectral distortions due to com-
pressed-expanded or shifted maps on speech recog-
nition separately. However, in implant patients, the
two types of spectral distortions may occur at the
same time (Fu & Shannon, 1999). The present study
explores such combined effects on speech perception
by normal-hearing subjects. Using a noiseband vo-
coder, the amount and the type of the spectral
distortion applied to speech was systematically
changed to observe the acute effects of the two
distortion types, individually and combined, on
speech intelligibility.

METHODS

Subjects

Five normal-hearing listeners between the ages of
27 to 35 participated in the study. All subjects were
native speakers of American English, and had pure
tone thresholds better than 20 dB HL at audiometric
frequencies between 250 and 8000 Hz.

Stimuli

Recordings of phonemes with medial vowels and
consonants were used for the speech recognition
task. Vowel stimuli (Hillenbrand et al., 1995) con-
sisted of 12 medial vowels (10 monophthongs and 2
diphthongs) presented in /h/-vowel-/d/ context (heed,
hid, head, had, hod, hawed, hood, who’d, hud, heard,
hayed, hoed) and spoken by 5 male and 5 female
talkers. Chance level on this test was 8.33% correct.
Consonant stimuli (Fu et al., 1998; Turner et al.,
1999) consisted of 14 medial consonants /b d f gk m
nps [t6Ovz, presented in /a/-consonant-/a/ context
and spoken by 3 male and 3 female talkers. Chance
performance level for this test was 7.14% correct.
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Experimental Procedures

The stimuli were presented in free field at 70
dBA. The subjects were seated in a sound-proof
booth, approximately at one meter distance from the
speaker. The stimuli, processed off-line prior to the
experiment, were presented by custom software
(Robert, 1998). The presentation order of the condi-
tions and the presentation order of stimuli in a
specific condition were randomized. During testing,
a menu on the screen showed the list of all possible
phonemes. The subject identified the phoneme that
was presented by selecting the appropriate entry in
the menu using the mouse. All subjects were tested
once with all experimental conditions.

The subjects who participated in the present
study had extensive experience with noiseband vo-
coder processing due to their involvement in previ-
ous vocoder experiments. The study explored the
acute effects and no training was provided for any
experimental condition. However, a preview of the
processed phonemes was allowed prior to testing for
each condition.

Mapping Conditions

Eight- and 16-band noiseband vocoder processing
(Shannon et al., 1995) was implemented in Matlab.
When the vocoder is used to simulate cochlear im-
plant processing, the carrier bands simulate the
range for place of stimulation in the cochlea. There-
fore, for the carrier bands, the low and high ends of
the overall range and the partitioning of the bands
were determined in cochlear distance (in mm) from
the apex. The overall range was 16 mm and two
distances were used for the low-frequency (apical)
end; 10 and 15 mm from the apex. Assuming an
average length of 35 mm for the human cochlea,
these distances simulate insertions of 25 and 20 mm
from the basal end, respectively. The analysis bands
of the vocoder represent the acoustic input range,
which is normally expressed in frequency (in Hz).
However, for consistency, the partitioning of the
analysis bands was also determined in cochlear
distance (in mm). The cut-off frequencies of individ-
ual bands were determined by converting the band
edges in mm to the frequency domain using Green-
wood’s frequency-place mapping function (1990):

flx) = A(10™ — k) ()

In Eq. (1), x represents the cochlear distance in
mm from the apex. For the human cochlea, the
constants of A = 165.4, a = 0.06, and k = 0.88 were
used. Similar to critical bands, the equation shows a
relatively linear relationship between cochlear dis-
tance and frequency for low frequencies, and a
logarithmic relationship for higher frequencies.
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Fig. 1. Frequency-place maps used in the experiment, shown for an example 4-band vocoder processor. The map in the middle
shows the baseline matched map where the cut-off frequencies were the same for the analysis and carrier bands. The middle row
shows the shift only map with no compression or expansion, where the carrier bands were shifted apically to lower frequencies
(shown at left) or basally to higher frequencies (shown at right). The middle column shows the compression and expansion maps
with no shift, where the analysis band range was wider (shown on top) or narrower (shown at bottom) than the carrier band
range, respectively. The corners show the combined maps; the maps in the top left and bottom left corners are the apically shifted
maps combined with compression or expansion, respectively. The maps in the top right and bottom right corners are the basally
shifted maps combined with compression or expansion, respectively.

In the baseline matched map the frequency
ranges of the corresponding carrier and analysis
bands were the same. The middle part of Figure 1
shows the matched map for a carrier band range
with the low frequency end at 513 Hz, simulating a
cochlear distance of 10 mm from the apex. The
overall carrier band range of 16 mm was partitioned
into the appropriate number of bands in equal
cochlear distances. Once the cut-off frequencies were
determined, the phonemes were band-pass filtered
into analysis bands, using a set of 6th-order Butter-
worth filters with the low- and high-frequency filter
slopes of —18 dB/octave. The speech envelope was
extracted from each band by half-wave rectification
and low-pass filtering using a 3rd-order Butter-
worth filter with a cut-off frequency of 160 Hz at —3
dB and a filter slope of —18 dB/octave. The carrier
bands were produced by band-pass filtering white
noise with the same set of band-pass filters used for
the analysis bands. The carrier bands were modu-
lated by the extracted envelopes, and the modulated
carrier bands were summed to produce the pro-
cessed phoneme. The amplitude levels were ad-
justed such that the original and processed output
had the same overall RMS levels.

The maps representing shifting without compres-
sion or expansion were produced by manipulating
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the carrier bands only; the carrier band range was
shifted apically, to lower frequencies, or basally, to
higher frequencies. The middle row of Figure 1
illustrates the shifted maps, before compression or
expansion was added. The compressed map without
shift was produced by manipulating the analysis
bands only; the analysis band range was made wider
by 5 mm in cochlear distance at each end. As the
carrier bands were not changed, this manipulation
resulted in a compressive mapping of the analysis
bands over the carrier bands. The middle of the top
row in Figure 1 illustrates the compressed map
without a shift in the carrier bands. The expanded
map without shift was produced by making the
analysis band range narrower by 5 mm in cochlear
distance at each end. The middle of the bottom row
in Figure 1 illustrates the expanded map without a
shift in the carrier bands. The combinations of the
two spectral distortions were produced by applying
compression or expansion to the analysis bands and
applying a shift to the carrier bands in the same
map. The combination maps are shown in the cor-
ners in Figure 1.

The mapping conditions are summarized in Ta-
bles 1 through 4. Tables 1 and 3 show the band
ranges in simulated cochlear distances (in mm) and
Tables 2 and 4 show the band ranges in frequency
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[oN ] — O o O = . . . . .
g 3g|g+ A o s 3 simulated a cochlear stimulation range with the most apical
.. £ 35 . .
== 08; g 3 3 ©g R end at a distance of 10 mm from the apex. The open circles
c 0 ] . .
TeE |0 -9 J° 83 show the scores with the map where the carrier bands were
o shifted without compression or expansion, similar to the
_ §3 conditions presented in the middle rows of Figure 1 and
f JO o .
8 58 E - g = RS g5 Tables 1 and 2. The filled triangles and squares show the
Q O o . . . .
@ g % AN ANy Q I~ 2s scores when the shift was combined with compression or
E £ 32| &I é &I é g' S8 expansion, respectively. These conditions were presented in
—_— — g . . .
© G gler~ -~ 3"~ § 2 the top and bottom rows, respectively, in Figure 1 and Tables
I 1 and 2. The error bars show one standard deviation. The
= g8 stars above the scores show the shift conditions where adding
- o35 . . .o
T S59|Ko %o oo 5§ the compression changed the performance significantly (p <
c = 2 o . . .
< gz0 § g T3 33 = o 0.05), determined by a posthoc Tukey multiple comparisons
— 5 < . .
) E; Sl o LS & b 83 test, applied following a two-factor Repeated Measures
o o e .
% L(E) c2|bb eh 5056 g8 ANOVA. Similarly, the stars below the scores show the shift
bl ~— N oge . .
2 ! s ¢ conditions where adding the expansion changed the perfor-
= 2 % mance significantly (p < 0.05).
c » S
2 K7} c o5 8
Qo S = o L5
< kel © 7 ]S . . oy ..
o @ = g e s sion-expansion, on speech recognition. Similar to
] =8 . .
qé': sl & % . Be previous studies, the matched frequency-place map
= c =
8 el = £ 8 é 25 usually produced the best performance, and apply-
g 2 £Eg 9 sgg |38 ing either the shift or the compression-expansion
1%} kel ko) a 1< . .
2 el 2 & 5 X g g |52 resulted in lower scores. However, when the distor-
(0] [0] 2 s . . .
£ £ E 52 . £ £22 |&8¢% tions were applied simultaneously, a compensatory
© o = @© ! "
© Olu§8 Eg EE8 |85 effect was observed for some of the conditions; the
g 0 oz Pz 2 L . X ’
5 8 & reduction in the scores with the combined maps was
S .
2 g5 smaller than the reduction caused by each map
> f. . . oy
E XS ki g separately. For almost all apical shift conditions of
= (9 . ..
< 32 58 —5 mm and for some of the shift conditions of -3 mm,
o 251 oo where the carrier band spectrum was shifted to
c © = . .
a 58 g2 lower frequencies, the shifted and compressed map
c =~ 39 .
i < $5 produced better performance than the shift only
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Fig. 3. Vowel recognition scores, averaged across subjects
and corrected for chance, shown as a function of the shift in
the carrier bands. Compared with Figure 2, the cochlear
position of the simulated stimulation range was more basal;
the most apical end of the unshifted carrier bands was at a
simulated distance of 15 mm from the apex. The analysis and
carrier band ranges of the maps are shown in Tables 3 and 4.
Similar to Figure 2, the stars above and below the data show
the conditions where adding compression or expansion,
respectively, to the shift only map changed the performance
significantly (p < 0.05).

map. A comparison was made between the individ-
ual analysis and carrier bands of these maps in an
attempt to determine important frequency ranges
for speech recognition. An example of this analysis is
shown in Figure 6, where the absolute frequency
shift in octaves is plotted for individual analysis
bands as a function of the center frequencies of the
bands. The maps shown were for the 8-channel
vocoder with a simulated cochlear position of 15 mm
from the apex, the same processor presented in
Figure 3, left panel. In each panel, open squares
show the baseline matched map, included as a
reference. The open circles show the maps with the
frequency shift only. In panels (a) to (d), the shift in
carrier bands is —5 mm, -3 mm, +3 mm, and +5
mm, respectively. In the shift only conditions, the
overall frequency ranges were the same for the
analysis and carrier bands and the individual bands
were uniformly shifted. In the £3 mm shift only
conditions the individual bands were shifted to a
smaller degree than the =5 mm shift only condi-
tions. This is consistent with the higher scores
observed with a =3 mm shift compared to a £5 mm
shift (Figure 3, left panel, open circles). The filled
circles in Figure 6 show the shift for individual
analysis bands with the shifted and compressed
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Fig. 4. Similar to Figure 2, except consonant recognition
scores, averaged across subjects and corrected for chance,
shown as a function of the shift in the carrier bands. The most
apical end of the unshifted carrier bands was at a simulated
distance of 10 mm from the apex.

map. In panels (a) and (b) frequencies lower than
4000 Hz were better matched than the high frequen-
cies. The performance with these conditions was
shown with the filled triangles at the -5 and -3 mm
shift in Figure 3, left panel. Panels (c) and (d) show
that with the compressed and shifted maps the high
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Fig. 5. Consonant recognition scores, averaged across sub-
jects and corrected for chance, shown as a function of the
shift in the carrier bands. Compared with Figure 4, the
cochlear position of the simulated stimulation range was
more basal; the most apical end of the unshifted carrier bands
was at a simulated distance of 15 mm from the apex.
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frequencies, around 8000 Hz and higher, were better
matched. Performance was higher for maps where
the low frequencies were better matched (-3 and -5
mm) as compared to maps where the high frequen-
cies were better matched (+3 and +5 mm). Let us
compare the shift only map with the shifted and
compressed map in each panel. In panels (a) and (b),
the low frequencies, lower than around 4000 Hz,
were better matched with the shifted and com-
pressed map than the shift only map. The results
from Figure 3, left panel, shows that the perfor-
mance was better in these conditions with the com-
pressed and shifted map, as shown by the filled
triangles and open circles at the —5 and —3 mm shift
conditions. In panels (c¢) and (d), the low frequencies
were shifted more with the compressed and shifted
map compared to the shift only map. With these
conditions, the performance with the compressed
and shifted map was worse than the shift only map,
as it was shown in Figure 3, left panel, with the
filled triangles and open circles at the +3 and +5
mm shift. This analysis shows that the compensa-
tory effect was more commonly observed for the
maps where the combination of the shift and com-
pression resulted in the alignment of the low fre-
quencies, especially around 1 to 2 kHz, even when
the rest of the frequencies did not necessarily match.
These frequencies have previously been shown to be
most important for speech perception in studies
where the intelligibility of narrowband speech with
varying spectral content was measured (Warren et
al., 1995; ANSI S3.5, 1997).

The carrier band ranges used in the matched
conditions of the present study were at simulated
cochlear positions of 10 and 15 mm from the apex,
determined by Greenwood’s mapping function.
When the noiseband vocoder is used for simulating
cochlear implants, the frequencies of the carrier
bands represent the positions of the electrodes. If
the average human cochlear length is assumed to be
35 mm, the carrier bands at the apical distances of
10 and 15 mm would simulate electrode arrays
inserted to 25 and 20 mm, respectively, from the
round window. The previous studies (Fu & Shannon,
1999; Bagkent & Shannon, 2003) and the present
study show the advantage of a matched frequency-
place map for speech recognition, for electrodes
simulated to be located deeper than 20 mm. How-
ever, Ketten et al. (1998) observed insertions as
shallow as 14 mm from the round window when CT
scans from implant users were used to estimate the
electrode array insertion depth. Faulkner et al.
(2003) simulated shallow insertions of cochlear im-
plant electrode arrays using the noiseband vocoder.
For simulated insertions less than 19 mm, there was
a significant reduction in speech recognition with
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Numbers in parentheses show the degrees of freedom for the main factor of shift and the error term within this main factor (6 and 24, respectively), the main factor of added compression or expansion and the error term within this main factor (1 and

4, respectively), and the interaction and the error term within interaction (6 and 24, respectively).

TABLE 5. F and p values of the two-factor RM ANOVA, shown for vowel recognition scores

Matched carrier bands
simulated at 10 mm
Matched carrier bands
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the matched map. With such shallow insertions,
when the acoustic input range is truncated to fully
match the stimulation range, important low fre-
quencies for speech, i.e. less than 2 kHz, would be
excluded from the map. Similar results were ob-
served by Bagkent and Shannon (2005) who simu-
lated shallow insertions by turning off apical elec-
trodes of implant users. For insertions from 17 to 19
mm, optimal speech recognition was observed with a
moderately compressed map; the matched map that
missed important low-frequency information and
the fully compressed map that introduced substan-
tial spectral distortion both resulted in poorer per-
formance. The present study complements these
results and shows that when there is substantial
spectral distortion, matching the frequencies that
are important for speech perception might be more
beneficial than matching the overall acoustic input
range.

Note that the compensatory effect was observed
for a small portion of the conditions tested in the
present study. Adding expansion to the shift only
map produced a significant reduction in the scores
for all shift conditions other than the basal shift of
+5 mm. This finding was expected as the bandwidth
of the acoustic input to the vocoder was limited in
the expansion conditions. Bagkent and Shannon
(2003) showed that, under similar conditions, nar-
rowing overall bandwidth of the analysis and carrier
bands decreased the performance; adding expansion
by widening the carrier band range caused further
reduction. When compression was added to the shift
only map, more of the speech spectrum was included
in the analysis band range. Adding compression to
the shift only map reduced the consonant recogni-
tion scores only by a small amount; however, the
additional reduction in the vowel recognition scores
was substantial for all shift conditions other than
the apical shifts of -3 and -5 mm. This finding
implies that if the insertion depth of an electrode
array could be determined with an accuracy of a few
mm, a frequency-place map that is determined using
the estimated insertion depth could still be benefi-
cial to implant users.

One should be cautious about applying the results
from simulations with normal-hearing listeners to
actual implant users, as there are numerous differ-
ences between acoustic and electric hearing. In elec-
tric stimulation, there are many parameters such as
the exact position of the electrode array or the
length of the cochlea that are not known precisely
unless imaging techniques such as CT scans are
used (Ketten et al., 1998). Factors such as the
proximity of electrodes to the modiolus (Saunders et
al., 2002) and the nerve survival pattern (Khan et
al., 2005) might affect speech perception. Most im-
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TABLE 6. F and p values of the two-factor RM ANOVA, shown for consonant recognition scores

Matched carrier bands
simulated at 10 mm
Matched carrier bands
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Fig. 6. Absolute frequency shift for the individual analysis bands shown in octaves as a function of the center frequencies of the
analysis bands. The processing was the 8-channel vocoder with a simulated stimulation range at the cochlear position of 15 mm.
In panels (a) to (d) mapping conditions are compared for a shift of -5 mm, -3 mm, +3 mm, and +5 mm in carrier bands,
respectively. In each panel, open squares show the baseline matched map, the open circles show the shift only map, and the filled

circles show the shifted and compressed map.

portantly, the Greenwood equation, which was used
in determining the acoustic input frequencies in the
experimental conditions of the present study, might
not be applicable to electrical stimulation of the
auditory nerve because it was originally formulated
for the frequency response along the organ of Corti
in the healthy ear. Recent studies indicated that the
electrode-pitch function of electric hearing might, in
fact, be different than the frequency-place mapping
of acoustic hearing. Baumann & Nobbe (2006), for
example, used acoustic tones as stimuli and asked
implant users with residual acoustic hearing in the
contralateral ear to match the pitch between the two
ears. Many subjects reported lower pitch for the
stimulation of basal electrodes than the values esti-
mated by Greenwood’s equation, and the electrode-
pitch function was estimated to be more linear than
the frequency-place function. Therefore, the findings
of the simulation studies should be perceived as
preliminary data and be cautiously interpreted for
real-life applications with implant users.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

The results of the present study were acute effects
observed immediately following the changes in the
frequency-place maps. The subjects were all experi-
enced from previous participation in similar experi-
ments; however, they were not provided an adapta-
tion period, other than a preview of the processed
stimuli, nor a special training for any of the maps
used in the present study. Recent studies have
shown strong learning effects with normal-hearing
subjects. Rosen et al. (1999) used connected dis-
course tracking as an interactive training method
with a shifted map. After nine sessions of 20 min-
utes, there was a significant improvement in speech
recognition. However, the improved performance
with the shifted map at the end of the experiment
was lower than the matched map; it is not clear if a
complete adaptation would be possible. Fu et al.
(2002) programmed shifted maps in the processors
of implant users. At the end of an adaptation period
of 3 mo, the scores with the shifted map were lower
than the baseline scores that were obtained with the
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user’s clinical map. Studies by Svirsky et al. (2004)
and Fu et al. (2005) showed that adaptation as a
result of daily exposure could in fact be a very
lengthy process.

These studies that show the acute effects of spec-
tral distortions on speech recognition, including the
present study, can be used as guidelines for optimal
fitting of cochlear implants in initial sessions, which
could facilitate an easier adaptation subsequently.
In a simulation study, Svirsky et al. (2003) showed
that the initial performance was better with a
smaller frequency shift, and this advantage per-
sisted for several 1-hr sessions. It is also possible
that adaptation to a shifted map could be faster and
easier for the patient if the shift was introduced in
smaller steps gradually. With this idea, implant
users could initially be fit with a map that is more
similar to the normal mapping of acoustic hearing
and has minimal spectral distortions. Such a map
might also provide better sound quality. The acous-
tic input range can then be extended, to provide
more acoustic input to the listener, and in gradual
steps, for a possibly easier adaptation. A targeted
training in each step, as suggested by Fu et al.
(2005), could further help the implant user.
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