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Objective: To assess
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and as a function of electrode position.
Study Design: An observational study of a cross-section of
cochlear implantees.
Setting: Tertiary referral center for cochlear implantation.
Patients: A total of 22 patients were recruited. All three
manufacturers’ devices were included (MED-EL, Innsbruck,
Austria, n¼ 10; Advanced Bionics, California, USA, n¼ 8;
and Cochlear, Sydney, Australia, n¼ 4) and all patients were
long-term users (more than 18 months). Twelve of these
were poor performers (scores on BKB sentence lists <60%)
and 10 were excellent performers (BKB >90%).
Intervention: After measurement of threshold and comfort
levels, and loudness balancing across the array, all patients
underwent thorough pitch-ranking assessments at 80% of
comfort levels.
Main Outcome Measure: Ability to discriminate pitch
across the electrode array, measured by consistency in
discrimination of adjacent pairs of electrodes, as well as an
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the array using the

Results: Within the poor performing group there was wide
variability in ability to pitch rank, from no errors, to a
complete inability to reliably and consistently differentiate
pitch change across the electrode array. Good performers
were overall significantly more accurate at pitch ranking
( p¼ 0.026). Consistent pitch ranking was found to be a
significant independent predictor of BKB score, even after
adjusting for age. Users of the MED-EL implant experienced
significantly more pitch confusions at the apex than at more
basal parts of the electrode array.
Conclusions: Many cochlear implant users struggle to dis-
criminate pitch effectively. Accurate pitch ranking appears to
be an independent predictor of overall outcome. Future work
will concentrate on manipulating maps based upon pitch
discrimination findings in an attempt to improve speech
understanding. Key Words: Cochlear implant—Cochlear
implant performance—Pitch—Pitch discrimination.
Otol Neurotol 36:1472–1479, 2015.
o receive cochlear implants (CIs) In normal, acoustic hearing, change
Some patients wh
derive more benefit from them than others. Factors
identified as influential to postoperative performance
include duration of deafness (1), age of onset of deafness
(2), age at implantation (3), etiology (4), surgical factors
(5) (electrode placement and insertion depth), and
psychological factors such as coexistence of depression
(6), engagement with services (7), and intelligence level
(IQ) (8). Speech recognition may be affected by an
implantee’s ability to perceive distinct pitch percepts
across the array.

Pitch is a subjective psychophysical attribute of sound
and corresponds closely to the frequency of sound waves.
s in frequency pro-
duce changes both in the temporal response of the
auditory nerve (‘‘temporal code’’), and in which nerves
fire (‘‘place code’’). In a cochlear hearing loss, frequency
discrimination is impaired. Tonotopic organization of
surviving nerve fibers in severely deafened individuals
allows CI electrodes to stimulate distinct neural popu-
lations, allowing the place code to operate in a manner
qualitatively similar to that in normal hearing.

It has been suggested that in patients with a poor ability
to pitch rank, electrodes may be delivering information to
areas of the cochlea that are ‘‘dead.’’ In patients with
sensory hearing loss, dead regions correspond to local
loss of inner hair cells and/or auditory nerve fibers (9),
whereas for CI users the term refers to local neural loss.

Although the number of electrodes within CI arrays
has expanded with technology, there is evidence that
individuals can only usefully discriminate a limited
number (10–13). Henry et al. (14) found a significant
correlation between electrode discrimination ability and
speech information perceived at four frequency regions
between 170 and 2680 Hz, but not at higher frequencies.
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METHODS OF ASSESSING PITCH PERCEPTION

Electrode discrimination is often assessed with a
multiple-interval forced-choice task. This ‘‘oddman
out’’ style of testing allows the participant to use any
perceptual difference between stimuli (e.g., loudness) to
detect differences between stimuli. The test and reference
stimuli vary only in electrode position. It is therefore
necessary to ensure careful loudness balancing.

In pitch-scaling tasks, an individual is asked to assign
a number to a sequence of sounds depending on how high
they perceive the pitch of each sound to be. For CI users,
pitch should increase monotonically with stimulation of
more basal electrodes; however, this is not always the
case, and indistinguishable electrodes or electrode
reversals may be identified. Collins et al. (15) found
that pitch ranking and pitch scaling produced different
ordering of electrode pitches. Perceived timbral differ-
ences may account for this. A problem with such
methods is that they require the patient to assign num-
bers to sensations, and this process results in a number of
nonsensory biases that can distort the pattern of results
observed (16).

Multidimensional scaling is another means to assess
pitch change across an array. A perceptual dissimilarity
matrix is analyzed to produce a stimulus space in which
the spatial distances between the stimuli best match the
perceptual dissimilarities of the stimuli. Henshall and
McKay (17) and Collins and Throckmorton (18) propose
that this is a more accurate way to pinpoint indiscrim-
inable electrodes than pitch ranking. However, mechan-
ically detachable coil system (MDS) procedures require
each stimulus to be compared to every other one, an equal
number of times. This can be inefficient, because when
the stimuli vary along a single perceptual dimension the
participant spends a large amount of time comparing
stimuli that are easily distinguishable.

The present study used two different procedures. One
of these was a pitch-ranking task in which the listener was
presented with a pair of sounds and was asked which has
the higher pitch (two-alternative forced choice task).
Because subjects have to make a judgment about the
direction of the pitch difference between two sounds, this
type of task is less susceptible to the use of loudness cues
than when an odd-man-out task is used. However, the use
of loudness cues cannot always be ruled out, particularly
when the same pair of sounds is presented many times in
a row and when correct answer feedback is provided.
Here, we used a small number of comparisons and did not
provide feedback. In order to obtain a more global picture
of the variation of pitch across electrodes, we addition-
ally adopted the optimally efficient pitch-ranking pro-
cedure described by Long et al. (19). This ‘‘midpoint
comparison procedure,’’ which was originally validated
with auditory brainstem implant users, and has sub-
sequently been applied in studies of pitch perception
by CI users (20,21), describes an efficient method of
pitch ordering across the electrode array of auditory
brainstem implants.
Many factors can influence the pitch-ranking ability of
individual patients and on particular electrodes. These
include the physical distance of the electrode from the
surviving nerve cells, the phenomenon of ‘‘cross-turn
stimulation’’ where electrodes in the apex of the cochlea
stimulate neurons innervating more basal regions, and the
presence of ‘‘dead regions.’’ Neural dead regions are
more likely to coincide with regions of longstanding hair
cell loss. Both cross-turn stimulation and neural dead
regions could produce not only poor pitch-ranking ability
but also ‘‘pitch reversals’’; tuning CIs without consider-
ation for these potential effects might result in poor
speech perception. If this is true, then, conversely,
patients that experience poor outcome would be more
likely to have extended neural dead regions and poorer
pitch perception. The key aim of this study was to
examine differences in pitch perception abilities between
the best and worst performing cochlear implantees, based
upon their speech recognition scores.
METHODS

A total of 30 patients were contacted by post and 22 agreed to
take part in the study. All device types (by manufacturer)
were included.

Those with the highest and lowest Bamford-Kowal-Bench
(BKB) (>90% included in good performing group, <60%
grouped as poor performers) scores were targeted for participa-
tion. All were consistent implant users for over 1 year. Those with
devices older than 6 years were excluded. Other exclusion criteria
were age more than 16, known difficult surgical insertion,
prelingual deafness/congenital deafness, and ‘‘non-users.’’

Participants were allocated to two groups (excellent and poor
performers) based upon their speech recognition scores. Before
taking part in the study participants were asked to complete the
Glasgow Benefit Inventory, Hospital Anxiety and Depression
Scale and Hearing, and Tinnitus and Balance Handicap scores.

On the participant’s first attendance, up-to-date BKB and VCV
scores were obtained. Following this the participant’s threshold
and comfort levels were measured. Thresholds were obtained by
finding the first sound the participant could detect and then moving
down by 4 units (log spaced units for Cochlear but linearly spaced
units for Advanced Bionics and MED-EL as governed by the
clinical software) and up by increments of 2 units until a repeatable
result was obtained. Sound was presented in increasing increments
up to a loud but comfortable level and then this sound level was
presented repeatedly to ensure comfort. Loudness balancing across
the electrode array was then performed to avoid pitch-amplitude
confusion. Following this all pitch-ranking tests were performed
using 80% (in clinical units) of comfort levels (at a more normal
listening level).

Pitch-Ranking Methods
Initially all adjacent pairs of activated electrodes were

compared. Each electrode had its pitch compared five times
with its neighbor before moving on to the next set of adjacent
pair comparisons (forced choice) and the decision to present
either the most apical or the most basal of each adjacent pairing
first was random. Movement along the array for adjacent pair
testing was randomized. When adjacent pairs scored 5/5 this
was deemed to represent good discrimination, and 0/5 to
represent a pitch reversal.
Otology & Neurotology, Vol. 36, No. 9, 2015



TABLE 2. Comparisons between good and poor performers
for subjective questionnaires (averages shown, range

in brackets)

Questionnaire Good Performers Poor Performers

Glasgow Benefit Inventory 66 (54–72) 65 (44–87)

Hearing Handicap 35 (8–58) 45 (0–84)

Tinnitus Handicap 9 (0–48) 15 (0–66)

Dizziness Handicap 8 (0–36) 13 (0–62)

HADS 8 (0–14) 6 (0–18)

HADS indicates Hospital Anxiety and Depression Score.
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Once all adjacent pairs had been compared the midpoint
comparison task was used to further analyze pitch order across
the array.

Midpoint Comparison Task
This technique utilizes a method devised by the mathema-

tician Hugo Steinhaus in 1950 to ascertain the correct order of
any set of items efficiently. The algorithm involves comparing
the pitch of pairs of electrodes, with the provisional pitch
ordering of electrodes updated as more comparisons are made.
This is a forced-choice procedure, in which each new electrode
is initially compared with the middle-ranked one from the
electrodes already tested. Following this additional compari-
sons are made based on the results of the previous comparison.
For example, if at some point in the procedure the provisional
ranking was [3 6 8 10 12] then a new electrode would be
selected at random and initially compared to electrode 8; if
judged higher it would then be compared to electrode 10, and, if
then judged lower, would be ranked fourth (between 8 and 10);
further details are provided by Long et al. (19). A picture is thus
built up of the pitch order. This test was performed a minimum
of three times to obtain a more accurate measure of pitch order
(obtaining a mean pitch order and standard error for each
electrode). Previous work by Long et al. suggested that at
least three ‘‘runs’’ were required to accurately pitch order
the electrodes.

RESULTS

One poor performer was only able to partially com-
plete the pitch-ranking assessments due to cognitive
problems in understanding the tasks. Only one poor
performer performed perfectly on pitch ranking. Table
1 shows the mean values for BKB, VCV, age, duration of
deafness, time since implantation, and pitch comparisons
for participants in the good and poor performing groups
(range in brackets). Interestingly, there were no signifi-
cant differences between the good and poor performing
groups with regard to the subjective questionnaire
measures (see Table 2).

Statistical analysis using univariate Mann-Whitney
(exact) testing demonstrated that there were no signifi-
cant differences between the two groups with regard to
duration of deafness, time since implantation or preop-
erative BKB score. The good performers were however
TABLE 1. Comparisons between good and poor performers
(averages shown, range in brackets)

Measure
Good Performers

(n¼ 10)
Poor Performers

(n¼ 12)

BKB 98 (91–100) 43 (8–55)

VCV 81 (75–90) 36 (1–54)

Age 61 (48–77) 69 (49–78)

Duration of deafness 31 (12–51) 25 (4–61)

Time since implantation 6 (1.5–14) 4 (1.5–14)

5/5 Pitch pairs 71% (19–100) 37% (0–90)

0/5 Pitch pairs 9% (0–27) 5% (0–14)

Overall proportion
correct pairs

80% (57–100) 62% (41–98)

BKB indicates Bamford-Kowal-Bench; VCV, vowel consonant
vowel.
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significantly younger than the poor performers
( p¼ 0.014). Within the poor performing group there
was wide variability in ability to pitch rank, from no
errors, to a complete inability to reliably and consistently
differentiate pitch change across the electrode array.
When comparing average performance across the elec-
trode array between subjects, we focused on the pro-
portion of electrode pairs where the individual scored
5/5, rather than the overall number of correct pairs
across the array. This is because summing scores would
not distinguish between the case where all electrodes
are at chance (3/3) and one where half gave perfect
scores (5/5) and half showed possible reversals (0/5). In
this study, a pitch confusion or unreliable discrimi-
nation is defined as a score out of 5 for adjacent pairs of
electrodes of 1, 2, 3, or 4. Good performers were found
to be significantly more accurate at pitch ranking,
achieving a greater number of overall correct pairs
as well as the proportion of times adjacent pairs scored
5/5 ( p¼ 0.026).

There was no significant difference between the two
groups with regard to the number of adjacent pairs where
the subject scored 0/5 (assumed to represent electrode
reversals). Tables 3 and 4 summarize the demographics
and pitch perception findings of individuals in the poor
and good performing groups, respectively.

Univariate linear regression models were constructed
on the change in BKB scores variable (post–preopera-
tively) to investigate if the percentage of 5/5 pairs, the
percentage of 0/5 pairs, age, duration, and preoperative
BKB were each significant predictors of change in BKB
score. We chose to focus on the change in BKB score,
rather than the raw score, because we wanted to minimize
the influence of effects such as overall education or IQ,
that are unrelated to cochlear implantation. Although
these factors may well influence the ability of a patient
to process stimuli presented through their implant, we
reasoned that this would also be true to some extent for
their preoperative residual acoustic hearing, and so by
taking the difference we would minimize their influence.
Multiple linear regression models were then constructed
to determine the effect of percentage of 5/5 pairs and
percentage of 0/5 pairs on improvement in BKB scores
after adjusting for (i) age, and (ii) age and duration. Age
and duration were made available as covariates in the
multiple regression models to make adjustment for
potential confounders.
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FIG. 1. (A) MED-EL user, Subject 8, poor performer. Mean rank
order of each electrode (y axis) plotted against each electrode (x
axis). Error bars show standard error for each electrode rank order
across 3 ‘‘runs’’ of the midpoint comparison task. (B) Advanced
Bionics user, Subject 10, good performer. Mean rank order of each
electrode (y axis) plotted against each electrode (x axis). Standard
error is zero in this case. (C) Cochlear user, Subject 10, poor
performer. Mean rank order of each electrode (y axis) plotted
against each electrode (x axis). Error bars show standard error for
each electrode rank order across 3 ‘‘runs’’ of the midpoint com-
parison task.
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Only the percentage of 5/5 pairs was a significant
predictor of change in BKB ( p¼ 0.01); no other vari-
ables were significant at the 5% level. This positive
relationship between the improvement in BKB score
and the percentage of 5/5 pairs remained significant even
after adjusting for the effects of age and of duration of
deafness ( p¼ 0.02). It remained significant even after
adjusting the criterion to account for the fact that we
studied the effects of two experimental variables (per-
centage of 5/5 and 0/5 pairs). The regression coefficient
for percentage of 5/5 pairs was calculated to be 0.46 on
average, with a 95% CI of 0.09 to 0.82, after adjusting for
age. The R2 value for this analysis was 0.437, therefore
the model accounted for 43.7% of variability across
the group.

After adjusting for age and duration, the percentage of
5/5 pairs is still a significant predictor of improvement in
BKB score ( p¼ 0.02). A patient with a percentage of 5/5
pairs 10% higher than another patient is expected to have
an improvement in BKB scores that is greater by 4.55 on
average (95% CI 0.78–8.32), after adjusting for age and
duration. The univariate analysis results show insuffi-
cient evidence for a relationship between percentage of 0/
5 pairs and improvement in BKB scores. The same
conclusion was reached even after (i) adjusting for age
only (percentage of 0/5 pairs, coefficient 0.55, 95% CI
�1.39 to 2.48, p¼ 0.56) and (ii) adjusting for age,
duration, and preoperative BKB score (percentage of
0/5 pairs, coefficient 0.52, 95% CI �1.48 to 2.52,
p¼ 0.59).

Results From the Midpoint Comparison Task
The midpoint comparison task added useful infor-

mation over and above the initial adjacent electrode pair
testing as it was able to provide an estimate of where
along the array an anomalous electrode pitch percept
might fit tonotopically. A, B, and C graphically represent
the change in perceived pitch across the electrode array
as found by three runs of the midpoint comparison task.
An example from each device type is shown. Error bars
represent the standard error for each mean rank.

The results of the midpoint comparison pitch-ordering
task revealed a high prevalence of anomalies. For the
purpose of this study ‘‘apical’’ refers to the apical third of
the array and ‘‘basal’’ to the basal third of electrodes. Of
the MED-EL users 5 of 10 had apical pitch abnormalities
(an abnormality being defined in this study as a score of
less than 5 out 5 on adjacent pair testing), 3 of 10 had
abnormalities across the array and one had normal pitch
ranking. There were 8 Advanced Bionics users, 3 of
which showed no abnormalities. Two of 8 had basal pitch
abnormalities and 3 of 8 had problems throughout the
array. Of the 4 cochlear devices, 2 had basal abnormal-
ities only and 2 had pitch abnormalities evenly across
the array.

Further statistical analysis was undertaken to try to
identify whether any of the pitch discrimination abnor-
malities were more likely to occur at any particular part
of the electrode array for any given device type. Firstly
Otology & Neurotology, Vol. 36, No. 9, 2015
Chi-squared testing revealed that the distribution of 0/5
scores along the electrode arrays of MED-EL users
differed significantly from chance (x2¼ 23, df¼ 10,
p< 0.02; Fig. 2B). This finding was further supported
by the analysis of variance testing described below. The
distribution of 5/5 scores across the array did not differ
significantly from chance for MED-EL devices. The
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distribution of 0/5 and 5/5 scores did not differ from
chance in either the Cochlear or the Advanced
Bionics devices.

Separate one-way repeated-measures analysis of var-
iances were performed on adjacent-pair comparison data
for each device, with electrode position as the independ-
ent variable, and proportion of correct responses as the
dependent variable. The Huynh-Feldt sphericity correc-
tion was used, and the corrected degrees of freedom are
reported. In a few cases, individual subjects were not
tested on all electrode pairs. When this occurred the score
for the missing pair was replaced with the mean score
across all pairs for that subject. This conservative treat-
ment of missing values will reduce the chances of
observing a significant effect of electrode position. It
happened for a total of 11 out of 120 combinations of
electrode and subject for the Advanced Bionics device,
for 7 out of 110 such combinations for the MED-EL
device, and not at all for the Cochlear device.

No significant effect of electrode position was
observed for the Advanced Bionics (F(14,94)¼ 1.058,
p> 0.05) or Nucleus (F(8.11,23.3)¼ 1.7, p> 0.05) devices.
However, for the MED-EL device there was a significant
A

B

FIG. 2. (A) The abscissa shows the more apical member of the
adjacent pairs to be discriminated. The solid blue line shows the
average score out of 5, as a function of electrode position, for
the 10 users of the MED-EL device who took part. Error bars show
þ/� one standard error. Missing values have been replaced by the
mean score for each subject. The dashed red line shows the
average score only for the seven subjects for whom there were no
missing data. (B) The total number of listeners scoring 0/5 for each
electrode pair.
effect of electrode position (F(5.0,45.0)¼ 3.255, p< 0.02),
and also significant linear (F¼ 5.623, p< 0.05) and
quadratic (F¼ 6.414, p< 0.05) trends. As shown in A,
this reflects the fact that performance was worse for the
apical than for the basal electrodes. A significant effect of
electrode position was also obtained when we included
only the seven MED-EL patients for whom there was no
missing data (F(4.8,28.8)¼ 2.943, p< 0.05).

DISCUSSION

These findings indicate that accurate pitch ranking is
an important, independent factor in overall speech per-
ception performance, accounting for 43.7% of variance
across subjects. The study also demonstrates a high
prevalence of pitch anomalies particularly in poor per-
formers. Such a prevalence of pitch confusions is in
keeping with the work of Zwolan et al. (22) who dem-
onstrated great variability in electrode discrimination
ability between subjects. They did not however find a
correlation between electrode discrimination and speech
recognition performance as demonstrated in this study
and other similar work by Nelson et al. (23) and Dorman
et al. (24). In these studies, speech-understanding per-
formance seemed to be correlated with place-pitch sen-
sitivity (Nelson) and the range of available pitch through
the Ineraid implant (Dorman).

A number of limitations to this study should be rec-
ognized. Many factors can contribute to functional
speech recognition and could act as confounding vari-
ables. However, statistical analysis of the differences
between the two groups (specifically preoperative
BKB, duration of deafness, time since implantation)
would suggest that these key variables did not impact
on this study. Loudness balancing was carefully per-
formed, but as this is a subjective measure any ‘‘inac-
curacy’’ by the participant may have led to electrode
pitch differences being erroneously perceived as detect-
able or not. This could either lead to an over or under-
estimate of pitch perception ability. During prolonged
testing individuals can also become easily fatigued,
which could produce spurious inaccuracies later in test-
ing. We attempted to minimize the influence of this effect
by comparing electrode pairs randomly across the array
rather than from basal to apical or vice versa.

A significant proportion of MED-EL implants in
this study showed poor apical discrimination. Five of
6 poor-performing MED-EL implantees showed apical
pitch confusions as well as 3 of 4 good performers. The
prevalence of apical pitch confusions identified in this
study correspond with the work of Gani et al. (25), who
additionally noted improvements in overall perform-
ance when apical electrodes were deactivated. Pitch
reversals did not appear to be predictive of perform-
ance. This may suggest that when a pitch reversal
occurs the implantee is still obtaining discrete pitch
percepts, and that a reversal is therefore less detrimen-
tal to performance than when different pitches are
not distinguishable.
Otology & Neurotology, Vol. 36, No. 9, 2015
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The severe electrode discrimination deficits high-
lighted in some individuals would suggest some implant-
ees receive extremely limited information by way of
pitch change across the array. Cochlear hearing loss itself
is thought to result in changes to the representation of
sound in the auditory system by way of reduced fre-
quency selectivity and precision of phase locking, as well
as the presence of dead regions and changes in the
propagation time of the traveling wave across the basilar
membrane (26). Additionally CIs are limited in their
ability to encode sound. Incomplete insertion of the
device can lead to a frequency-to-place mismatch of
greater than three octaves at the apical electrode (27).
CI processing strategies generally apply pulse trains with
the same rate to each electrode, unlike acoustic hearing
where the auditory nerve phase-locks to resolved fre-
quency components. A correspondence between
temporal and place-of-excitation cues to frequency
may be important for pitch perception (28–30). Phase
transitions around peaks of the traveling wave are also
not encoded by implant processors (26).
CONCLUSIONS AND CLINICAL
APPLICABILITY

Key Findings:
Oto
1.
logy
The methods of assessing pitch perception used in
this study provide an efficient detailed picture of
an individual’s abilities, using equipment com-
monly available to clinicians.
Ability to pitch rank accurately is an independent
2.

predictor of overall performance, even after adjust-
ing for age, duration of deafness, and time
since implantation.
MED-EL users, at all performance levels, showed
3.

a significantly greater tendency for pitch con-
fusions at the apex of the array, compared to
other locations.

implication of these findings may be that removal
One
of nontonotopic electrodes, or frequency reallocations to
match pitch ranking, might improve overall performance.

Henshall and McKay (17) found pitch-ranking
deficiencies in a group of patients and studied the effects
of switching off nontonotopic electrodes and extending
the high-frequency range beyond that normally allocated
to electrodes in clinical speech processor maps. They did
not find improvements in performance after such
changes, perhaps due to the deleterious effects of auto-
matic frequency reallocation when this is attempted. Di
Nardo et al. (31) similarly found no correspondence
between acoustic pitch and assigned frequency ranges
and propose that mapping procedures should include a
comparison with homolateral residual hearing if possible.
The same author also describes a case study using
Digimap technology where an individual’s performance
was increased by reallocating frequencies based upon
electric to acoustic matching (32). Zwolan et al. (22) used
& Neurotology, Vol. 36, No. 9, 2015
an experimental map based upon electrode discrimi-
nation and found that seven of nine subjects showed
significant improvement in at least one speech recog-
nition measure.

Future work by the authors of this study will concentrate
on the effect of manipulating maps based upon pitch-
ranking findings to try to improve overall performance.
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