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Abstract
Purpose—This study examined the influence of presentation level and mild-to-moderate hearing
loss on the identification of a set of vowel tokens systematically varying in the frequency locations
of their second and third formants.

Method—Five normally-hearing (NH) and five hearing-impaired (HI) listeners identified
synthesized vowels that represented both highly-identifiable and ambiguous examples of /ɪ/, /ʊ/,
and /ɝ/.

Results—Response patterns of NH listeners showed significant changes with an increase in
presentation level from 75 to 95 dB SPL, including increased category overlap. HI listeners,
listening only at the higher level, showed greater category overlap than normal, and overall
identification patterns that differed significantly from those of NH listeners. Excitation patterns
based on estimates of auditory filters suggested smoothing of the internal representations, resulting
in impaired formant resolution.

Conclusions—Both increased presentation level for NH listeners and the presence of hearing
loss produced a significant change in vowel identification for this stimulus set. Major differences
were observed between NH and HI listeners in vowel category overlap and in the sharpness of
boundaries between vowel tokens. It is likely that these findings reflect imprecise internal spectral
representations due to reduced frequency selectivity.

INTRODUCTION
Vowel perception by listeners with hearing loss is reported to be robust and only affected by
the most severe losses (Nábĕlek, Czyzewaski, & Krishnan, 1992; Owens, Talbott, &
Schubert, 1968; Pickett et al., 1970; Van Tasell, Fabry, & Thibodeau, 1987). The shape of
the frequency spectrum is one of the prime determinants of vowel identity (Peterson &
Barney, 1952), especially the location of peaks in the spectrum corresponding to vocal tract
resonances, or formants (Molis, 2005). When vowel errors are noted, they are usually
systematic confusions of adjacent categories that have similar formant frequencies (Hack &
Erber, 1982; Owens et al., 1968; Richie Kewley-Port, & Coughlin, 2003; Van Tasell et al.,
1987). A potential source of these confusions is the loss of spectral contrast in the internal
cochlear representation of the vowel spectra (Leek, Dorman, & Summerfield, 1987).
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Changes in the function of the auditory periphery caused by hearing impairment include
reduction of sensitivity and frequency selectivity, resulting in smaller amplitude differences
between the peaks and valleys in the internal representation of the vowel spectra (Moore,
1995; Leek et al., 1987). Across-frequency masking patterns using vowels as maskers show
less resolution of the frequencies associated with formant peaks in the maskers for hearing-
impaired (HI) listeners than for normal-hearing (NH) listeners (Bacon & Brandt, 1982;
Sidwell & Summerfield, 1985; Van Tasell et al., 1987). Turner and Henn (1989) assessed
frequency resolution and vowel recognition, and determined that the poorer performance of
HI listeners on identification of vowels was related to their poorer frequency selectivity. In
another study of spectral peak resolution by HI listeners, Henry et al. (2005) reported a
significant, albeit weak, relationship between discrimination of rippled noises, characterized
by peaks and valleys in their spectra, and vowel and consonant identification. Performance
was not significantly related to absolute thresholds. These authors also remarked that
whereas speech understanding in quiet is not highly dependent on good frequency
resolution, speech perception in background noise may be.

Impairments in frequency resolution produce a reduction in spectral contrasts that define the
formant frequencies of vowels in the cochlear representation, resulting in a flatter-than-
normal excitation pattern, and reducing or eliminating the representation of spectral peaks
required for vowel identification (Leek et al., 1987; Alcántara & Moore, 1995; Leek &
Summers, 1996). NH listeners typically require less contrast between spectral peaks and
valleys for accurate identification or discrimination of synthetic, vowel-like stimuli than do
HI listeners (Leek et al., 1987; Leek & Summers, 1993, 1996; Dreisbach, Leek, & Lentz,
2005), although the amount of this difference varies depending on a number of other
stimulus and listener factors. The difference in performance between the two groups of
listeners reflects the smearing and flattening of the internal spectrum. Leek et al. noted,
however, that most naturally-produced vowels in real-life environments have more spectral
contrast than has been tested in these studies.

The goal of this study was to measure the effect of hearing loss on identification of vowels
that may or not be good category tokens. If vowel identification performance is assessed
only with single, unambiguous vowel category tokens, much of the difference in vowel
recognition between the two listener groups will be masked and any difficulty HI listeners
have with vowel perception will be underestimated. Here, vowel identification by NH and
HI listeners was measured for a densely-sampled stimulus space encompassing three vowel
categories. The stimuli varied systematically in their second and third formants and
represented either unambiguous examples of the response categories (defined as those
consistently labeled by NH listeners) or ambiguous vowels that could reasonably be
identified as belonging to multiple response categories by NH listeners. The relatively dense
and quasi-uniform sampling of the stimulus space allowed for comparison of the
identification response patterns a) of NH listeners at different presentation levels; and, b)
between NH and HI listeners across a range of stimuli. In addition, in order to gauge the
influence of impaired frequency resolution on vowel identification, excitation patterns were
constructed based on estimates of auditory filter bandwidths of the HI listeners as a model of
the internal spectral representation of the stimuli.

METHOD
Listeners

Five NH listeners (1 man and 4 women) and five HI listeners (2 men and 3 women) served
as paid participants. No attempt was made to control for dialect differences. NH listeners
ranged between the ages of 27 and 58 years (M = 46 yrs.). HI listeners ranged between the
ages of 61 and 80 years (M = 72 yrs.) and had mild to moderate sensorineural hearing losses
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in the test ear (i.e., air-conduction thresholds between 30 and 65 dB HL at audiometric
frequencies from 0.25 to 4 kHz, air-bone gaps of ≤10 dB from 0.5 to 4 kHz, and a normal
tympanogram). Figure 1 shows individual air-conduction thresholds for the HI listeners and
average thresholds of the NH group, along with standard errors of the mean. All listeners
provided written informed consent.

Vowel Identification Task
Stimuli—The stimuli for this study were used previously to explore vowel categorization
by NH listeners and are described in greater detail elsewhere (Maddox, Molis, & Diehl,
2002; Molis, 2005). Briefly, the stimuli were fifty-four vowels with five steady formants,
synthesized using a cascade resonance synthesizer implemented on a PC (Klatt & Klatt,
1990). The second and third formant frequencies (F2 and F3) varied in equal 0.4 Bark steps:
9.0 to 13.4 Bark (1081 Hz to 2120 Hz) for F2 and 10.0 to 15.2 Bark (1268 Hz to 2783 Hz)
for F3. Exemplars of the American English vowel categories / ɪ /, / ʊ /, and / ɝ / can be
found in this stimulus region. All stimuli had the same first, fourth, and fifth formant
frequencies, the same fundamental frequency contour and duration (225 ms), and were
normalized for equal RMS amplitude.

Procedures—Listeners were tested individually in a sound attenuated room. Stimuli were
presented monaurally over Beyer DT-100 headphones in blocked conditions of 75 and 95
dB SPL for NH listeners and 95 dB SPL for HI listeners. Three of the NH listeners heard the
95 dB stimuli first and two heard the 75 dB stimuli first. For each condition, two blocks of
seven replications each (14 total) were presented (756 trials/listener) with a short break
between blocks. On each trial, listeners were asked to identify a stimulus by pressing one of
three response buttons on a button box labeled with the key words "hid", "hood", and
"heard". They were assured that there were no “right” or “wrong” answers and were
encouraged to label ambiguous stimuli as the category they felt was the most appropriate.

To verify that items in the stimulus set were reasonably discriminable, three of the HI
listeners and all five NH listeners completed a preliminary discrimination task. Three stimuli
from the extreme corners of the stimulus space, representing one instance of each of the
three possible response categories, were selected and presented to listeners in thirty
randomized pairings (including identical pairs) at a level of 95 dB SPL. Listeners were
asked to indicate with a button press whether the stimuli in each pair were the same or
different. All listeners were able to discriminate between the stimuli with at least 80%
accuracy.

Statistical Analyses—The number of times a listener chose each response category out
of 14 trials was used as an estimate of the probability of the listener’s vowel identification at
each F2 and F3 combination. The statistical objective was to model these probabilities in the
F2/F3 plane. The approach taken was to treat this as a response surface regression problem
(Neter, Kutner, Nachtsheim, & Wasserman, 1996). Tests could thus be conducted of the
effect of either presentation level (Level-Effect model) or listener group (Group-Effect
model) on the shapes of the mean choice probability surfaces for each response category at
each F2/F3 combination. Furthermore, tests of differences at particular F2/F3 values could
be conducted based on linear contrasts of the fitted model (Level- or Group-Effect).

For each general model (Level- or Group-Effect), the selection probabilities for each of the
vowel categories (/ ɪ /, / ʊ /, or / ɝ /) were modeled using multivariate response regression
(Hastie, Tibshirani, & Friedman, 2009). This is analogous to MANOVA with the exception
that the F2 and F3 values were treated as continuous covariates instead of categorical
predictors. An arcsine transform [Y’ = 2arcsine(proportion)1/2] was used in order to stabilize
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the variance of the proportional data (Neter et al., 1996). To allow for variability among
listeners’ response profiles, the models also included random effects. Specifically, we
modeled the mean arcsine-square root proportion of each listener’s responses that identified
each stimulus as one of three vowel category options (/ ɪ /, / ʊ /, or / ɝ /) using a general
linear mixed model. The Level-Effect and Group-Effect models were each composed of
three surfaces, one per response category. Each surface was composed of the fixed effects in
the second-order response surface with F2, F3, F2×F3, F22, and F32 values. Presentation
level effects or listener group effects and their interactions with response surface terms were
included in the Level-Effect and Group-Effect models respectively. Random coefficients for
the response surface components were included to allow for individual variability around the
overall response surface. Correlation among the three response category surfaces was
modeled using an unstructured covariance model for the residuals, which is identical to the
MANOVA approach. The Level-Effect model fit to the NH subjects’ data included 36 fixed
effects parameters and 9 covariance parameters (total = 45 parameters) to model the 1,080
recorded responses. The Group-Effect model fit to the full sample included 36 fixed effects
parameters and 16 covariance parameters (total = 52 parameters) to model the 1,620
recorded responses in both the NH and HI subjects.

Using the Level-Effect or Group-Effect model respectively, tests of presentation level
effects within the NH group and tests of differences between listener groups were made
using the likelihood ratio statistic. For example, an omnibus test (Neter et al., 1996) of any
presentation level effects on the overall response surface among NH is equal to 2(log-LFull –
log-LNo Level Effects), where log-LFull and log-LNo Level Effect are the log-likelihoods of the
fitted multivariate response regression models with and without the level effects,
respectively. Under the null hypothesis of no level effect, this statistic has a χ2 distribution
with degrees of freedom equal to the difference in the number of parameters between the full
model and the model without any level effects. This statistic formally tests whether the
model fits the data significantly more poorly if one ignores all effects of level among NH
listeners. A similar omnibus test for listener group differences was constructed by replacing
the level effect with the group effect in the likelihood ratio statistic.

Measurement of auditory filters and excitation pattern construction
Auditory filters were measured for the HI listeners at center frequencies of 1000 and 2000
Hz using a notched-noise masking method (Glasberg & Moore, 2000; Rosen & Baker,
1994). Filters at 500 Hz were also measured for two listeners (HI1 and HI4). Masked
thresholds were submitted to a rounded exponential (ROEX) modeling procedure to extract
equivalent rectangular bandwidths (ERB) of the measured auditory filters (Patterson,
Nimmo-Smith, Weber, & Milroy, 1982).

Stimuli—Tones of 500, 1000, and 2000 Hz were used as signals. Steady-state durations of
the tones were 300 ms, including 50 ms cosine-squared rise and fall ramps. The notched-
noise maskers were created by adding together two bands of noise located on either side of
the signal frequency. The width of each noise band was 0.4 times the signal frequency, and
the bands were generated digitally for each noise presentation. Maskers were 400 ms in
duration. When the signal was present along with the masker, it was temporally centered
within the masker duration.

Thresholds at each signal frequency were measured in eight notched-noise conditions, with
the maskers either centered symmetrically around the signal frequency (six maskers) or
asymmetrically with one band closer to the signal frequency than the other (two maskers).
Each notched-noise masker was constructed by adding together two noise bands, one on
either side of the signal frequency, with a given frequency difference between the signal
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frequency and the near edge of each noise band. These values are expressed as normalized
frequency, defined as the absolute value of the ratio of the deviation of the near edges of the
maskers from the signal frequency (Δf) and the signal frequency (fs). Values of |Δf/fs| were
0, 0.05, 0.10, 0.20, 0.30, and 0.40 on each side of the signal frequency for symmetric
notches. The two asymmetric notched noises were placed at |Δf/fs|=0.2 and 0.4.

Instrumentation—Pure tone signals were generated by a Tucker-Davis-Technology
(TDT) waveform generator (WG1), and gated on and off through a TDT SW2 cosine switch.
Noises were constructed digitally and played through a TDT DD1 D-A converter, with a
sample rate of 40,000 samples/second. Signals and noises were separately attenuated and
played to listeners monaurally over a Beyer DT-100 earphone.

Procedure—Masked thresholds were measured for each listener with eight notched noise
maskers at two or three signal frequencies. All thresholds at one signal frequency were
measured before beginning testing on the next frequency, determined randomly for each
listener. The signal level for each set of notched noise maskers was either 70 or 80 dB SPL,
determined individually for each listener, depending on the quiet threshold level for the
signal frequency. For all cases except one, if the quiet threshold was greater than 30 dB HL,
the higher signal level was used. In one case, at a signal frequency of 500 Hz, an 80-dB
signal was used even though the quiet threshold was only 25 dB HL. The masker level
varied over trials according to an adaptive track.

The listener was seated in a sound-treated booth, wearing earphones and facing a touch
screen response terminal. The threshold measurement procedure was a single-interval
maximum likelihood procedure, originally described by Green (1993), modified as
described in Leek et al. (2000). Briefly, each trial consisted of the presentation of the
notched-noise and, with an 80% probability, the signal tone. On each trial, the listener was
asked to indicate whether or not a tone was heard within the masking noise by touching a
marked area on the terminal. After each trial presentation, a set of candidate psychometric
functions was calculated based on the response to that trial and all previous trials in the
block. The noise level on the next trial was taken from the 70% correct performance point
on the candidate function that most closely reflected the data collected so far within the
block. As the block continued, and more data became available, the choice of the successful
candidate psychometric function converged on the one most likely to account for the data.
At the end of the block of trials, the level of noise necessary to produce 70% correct
detections of the signal at the specified level was calculated from the final estimated
psychometric function, and this value was taken as the threshold estimate for that block of
trials. The average of three such measurements was taken as the final threshold value for
that experimental condition. If the standard deviation across the three estimates was larger
than 5 dB, that set of thresholds was abandoned and a second set of three thresholds was
measured. Typically, a set of three threshold estimates could be measured using this
procedure in under five minutes.

Filter characteristics were estimated using a one-parameter ROEX (p) fitting procedure
described by Patterson et al. (1982). The slope parameter, p, was allowed to differ on each
side of the filter to permit asymmetric filters to be specified. The iterative procedure finds
the best-fitting set of parameters to define the ROEX function given all eight threshold
measurements for each center frequency. The frequency response of the earphone was taken
into consideration in the fitting procedure. Comparison of the predicted thresholds based on
the fitted filter parameters to the actual data indicated that the filters were well-fit, with an
average RMS difference between the thresholds predicted by the fitted filter and the
observed thresholds of about 1 dB. The ERB for each filter was calculated from the slopes
of the filters determined by the fitting process.
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RESULTS
Vowel Identification

Presentation Level—The vowel identification response patterns were similar among the
NH listeners; therefore, their pooled identifications at each presentation level are shown in
Figure 2. The response counts for each vowel category are displayed in separate panels and
are arrayed according to second and third formant frequencies expressed in Bark. In each
panel, observed response frequencies are displayed in terms of bubble size, i.e., larger
bubbles indicate higher response counts, whereas smaller bubbles indicate less frequent
responses. The light gray lines indicate the locations of linear boundaries between categories
arising from the identifications by a previous NH group listening at 70 dB (Maddox et al.,
2002) and are included to provide landmarks for comparison.

At the lower presentation level (left column), response distributions were similar to those for
a different group of NH listeners (Maddox et al., 2002; Molis, 2005)—the three vowel
categories were concentrated in three distinct regions of the stimulus space. At the higher
presentation level (right column), the response regions expanded slightly as the overlap
between categories increased.

Although there is no accepted goodness-of-fit test for continuous, multivariate outcomes
modeled with random effects, the goodness-of-fit of multivariate response surface models
can be verified through visual inspection of a graphical representation of the average
observed selection rate and the predicted selection rate. This evaluation carried out for the
three response categories among NH listeners at low and high presentation levels revealed
that there was considerable overlap between the prediction and observed responses,
indicating that the overall model fit was quite good and the overall pattern of responses at
each stimulus level was well described by the model.

The model results were used to compute the likelihood ratio statistic for the null hypothesis
of no level effects on the category response surfaces. The result is a statistic of 40.3, which,
on 20 degrees of freedom, yields a p-value of 0.004, indicating that there were significant
differences in the response surfaces for the two presentation levels among the NH listeners.

Listener Group—The HI listeners’ response patterns were more diverse than those of the
NH listeners; therefore, their response counts are presented individually in columns in
Figure 3. The gray lines show the same category boundaries as Figure 2 reflecting
performance of another NH group. The high-frequency pure tone average of thresholds at 1,
2, and 3 kHz (PTA123) is also indicated for each listener. For the most part, the category
identifications of HI1 and HI2 were concentrated in separate regions of the stimulus space,
similar to the NH listeners but with more overlap between the categories. For the remaining
HI listeners, there appeared to be even greater overlap among identifications of the three
vowel categories, with quite variable responses in some of the categories for a few listeners
(e.g., HI4 / ɪ / and HI5 / ɝ /).

The goodness-of-fit of the multivariate response surface model to the response category
probabilities among both HI and NH listener groups at the 95 dB presentation level was
verified graphically. The model showed reasonably good fit to the data for both listener
groups. The likelihood ratio test yielded a statistic of 161.4 on 16 degrees of freedom
(p<0.001); therefore, there is strong evidence that NH and HI listeners differed in their
vowel identification surfaces over these F2 and F3 combinations.

In order to visualize the differences in the group three-dimensional response surfaces (F2 ×
F3 × response probability), the predicted response category probabilities were plotted as
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two-dimensional equiprobability contours. The relationship between a three-dimensional
response surface and its’ two-dimensional representation is shown in Figure 4. On the right
is a plot of a fitted response surface for the NH listeners’ / ʊ / response and on the left is the
projection of this surface onto the stimulus space. Lines on both plots connect formant
values for which the predicted response probability is equal. Because the response surface is
steeply sloping from the region of highest to lowest response probability, the equiprobability
contours appear relatively closely spaced in the two-dimensional representation.

Figure 5 shows contour plots of the predicted probabilities for the three response categories.
The response probabilities of the NH group are presented in the left column, and those of the
HI group are on the right. This figure depicts the major difference between HI and NH
listeners—HI listeners have more flattened response surfaces over the entire F2/F3 plane
than do NH listeners. This flattening is observable by two characteristics of the response
probability contours for all three categories: the maximum predicted probabilities of the HI
group are not as great as those for the NH group (for example, the predicted HI response
probabilities for / ɪ / and / ɝ / never reach 0.9 as they do for the NH probabilities); and the
equiprobability contours are more spread out for the HI listeners than for the NH listeners,
indicating more gradual slopes of the response surfaces of the HI listeners.

The difference in the predicted selection rates between the HI and NH listeners at each point
on the F2/F3 space was assessed by means of tests derived from linear contrasts of the
parameters in the fitted model. This resulted in a total of 162 tests (54 per response
category), which had considerable risk of Type I error. In order to address this, a false
discovery rate (FDR) p-value adjustment was used to guarantee that the proportion of Type I
errors was no greater than 5% (Benjamini & Hochberg, 1995; Verhoeven, Simonsen, &
McIntyre, 2005). This procedure is much less conservative than the usual Bonferroni
adjustment, and allowed identification of regions in the stimulus space where differences
between HI and NH listeners lay. For each response category, stimuli for which the
predicted response probabilities were significantly different (FDR-adjusted p < 0.05)
between the two listener groups are indicated by symbols placed at the F2/F3 stimulus
locations on the panels depicting the HI responses on Figure 5.

The predicted response probabilities for / ɪ / are shown in the top panels of Figure 5. There
was little difference in the overall shape of the response surfaces for this category. For both
listener groups the greatest response probability was in the upper right-hand corner where F2
and F3 had the highest values. There was no significant difference between the two groups
for the stimuli located where the probability of an / ɪ / response by HI listeners was at least
0.8. However, the point-by-point analysis reveals that there were significant differences
across the portion of the stimulus space where the probability of an / ɪ / response by HI
listeners was between 0.2 and 0.8 (15 out of 54 stimulus comparisons). This is a result of the
overall attenuation of the response surface for the HI listeners—the range between the
highest and lowest probabilities is reduced. There were no differences in the areas of lowest
response probability.

The predicted response probabilities for / ʊ / are shown in the middle panels of Figure 5.
Again, the maximum response probabilities were in roughly the same location for the two
groups and there were not significant differences at the peak probability regions. For this
category, the significant differences are in a boundary region between high and low response
probability (13 out of 54 stimulus comparisons). As for the / ɪ / response, there were no
differences in the regions of lowest probability for high values of F3.

The biggest differences in the shapes of the response surfaces were observed for / ɝ / (the
bottom panels of Figure 5). For this category, there was a noticeable shift in the highest
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probability response between the two groups from the extreme lower left for the NH
listeners to a region with a higher F2 and F3 for the HI listeners. This pattern is observable
in the raw data for a number of the HI listeners (see Figure 3). The shift in response pattern
between the two groups resulted in significant differences at the locations of the peak in
response for the NH listeners as well as for a large region of the stimulus space where the
probability of an / ɝ / response was low for the NH listeners (34 out of 54 comparisons).

Auditory Filter Shapes and Excitation Patterns
Figure 6 displays estimates of auditory filter bandwidth for each HI listener at the
frequencies tested and the best linear fits to these estimates. The line connecting the filled
symbols indicates the auditory filter bandwidth estimates calculated for NH listeners at
similar presentation levels reported by Glasberg and Moore (1990), showing that filters
typically broaden with increasing frequency with a slope of about 0.11. Listener HI2 had a
shallow slope (0.07); however, the bandwidths were broader than normal. For the remaining
four HI listeners, filters broadened with frequency at a faster rate than for NH listeners, with
slopes ranging from 0.29 to 0.80. The two listeners whose filters were also measured at 500
Hz (HI1 and HI4) had near-normal bandwidths at that frequency.

The auditory filter measurements may be used to calculate excitation patterns in response to
the vowel stimuli, following procedures described by Glasberg and Moore (1990). For this
analysis, the equations estimating the changes in ERB with auditory filter center frequency
for each listener, shown in Figure 5, were used to construct a bank of auditory filters ranging
from about 200 to about 5000 Hz. For simplicity, only symmetric auditory filters were used
in this analysis. Each of the 54 stimuli was processed through the simulated filterbanks of
the individual listeners. No accommodation was made within the excitation pattern
calculation for changes in bandwidth with level because the nonlinearity simulated by
varying the bandwidth with level is essentially lost in hearing-impaired cochleas (Moore,
2007).

Figure 7 compares the estimated excitation patterns above 600 Hz for a simulated NH
listener (solid black line) and for two of the HI listeners, one with relatively little hearing
loss (HI1: dashed black line) and one with more hearing loss (HI4: dashed-dotted black
line). Although only frequencies in the region of about 600 to 5000 Hz are considered here,
the NH excitation pattern for frequencies below 600 Hz is included as a reference (solid gray
line). Shown are (a) a stimulus most often identified by NH listeners as / ɪ / (high F2/
highF3); (b) a stimulus most often identified by NH listeners as / ʊ / (low F2/high F3); and
(c) a stimulus most often identified by NH listeners as / ɝ / (low F2/low F3).

Formant peaks for F2 and F3 are easily identified through visual inspection of the excitation
patterns of the simulated NH listener; however, the locations of the formant peaks in the
excitation patterns of the HI listeners are not as easily determined. This is a reflection of the
broader HI auditory filters. The lack of clear definition of formant peaks in the F2/F3 region
probably is largely responsible for the generally poorer and less consistent identifications of
the vowel sets.

DISCUSSION
In this study, listeners labeled both clearly-identifiable and ambiguous exemplars from three
vowel categories. The category responses of the NH listeners at the 75 dB presentation level
were confined to generally non-overlapping regions of the stimulus space. This is consistent
with data from previous studies of NH listeners in response to these stimuli (Maddox et al.,
2002; Molis, 2005). Response overlap among categories increased significantly with an
increase in presentation level to 95 dB. The purpose of collecting data at the higher level
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was to facilitate comparisons with the HI listeners, who required this level in order to assure
audibility of the stimulus set. However, when the response patterns of the HI listeners were
compared with those of the NH listeners at this presentation level, differences were still
observed between groups.

Although HI listeners’ responses to the ‘best’ category examples—those selected most often
by NH listeners—were broadly similar to those of NH listeners, their response areas were
less compact and there was greater category overlap. The increased overlap is a result of
increased variability of the responses of the HI group and is observable in two
characteristics of the fitted response probability surfaces for all three categories: the
maximum response probabilities are not as high and the slopes of the response surface were
not as steep for the for the HI group as for the NH group. For two of the vowel categories, /
ɪ / and / ʊ /, the two listener groups did not differ where the predicted response probabilities
were the highest or were very low. Differences between the responses of the two groups
occurred primarily in the boundary regions between the categories. For the remaining
category, / ɝ / an overall shift in the response pattern of the HI listeners resulted in more
widespread differences between the two groups.

Possible influences on vowel perception
There are several possible sources of any of the differences observed between the response
patterns of the two listener groups, including formant audibility, presentation level,
frequency selectivity, and age.

Formant audibility—The overall presentation level for the HI listeners was 95 dB SPL. It
was assumed that, at this level, F2 and F3 would be audible for most listeners; however,
some frequencies could have been inaudible to some of the HI listeners for some of the
stimuli. The peak in the excitation pattern for each tone at threshold was compared with the
excitation level at that frequency for the excitation patterns of each stimulus and listener as
described earlier. If the excitation in the formant regions for the stimuli was greater than the
excitation level of the tone threshold, it was assumed that those formants were audible. This
analysis revealed that F2 was always audible for every HI listener, and F3 was always
audible for four of the five HI listeners. For the remaining HI listener, HI3, F3 was inaudible
for three of the stimuli with a low F2 and a high F3, identified as / ʊ / by NH listeners.
However, the probable inaudibility of F3 for these stimuli would not necessarily be crucial
to the identification of / ʊ /. Estimates of the effective second formant (Carlson, Granstron,
& Fant, 1970; Carlson, Fant, & Granstom, 1975) have shown that back vowels such as / ʊ /
can be well approximated by F1 and F2 alone. For stimuli where F2 and F3 were relatively
close—less than 2.6 Bark apart—both formants were audible for all HI listeners. This was
true even when both formants were high in frequency—as for / ɪ /—since the levels of
closely spaced formants generally increase with increasing proximity (Fant, 1956).
Nevertheless, although F2 and F3 remained audible for all listeners, performance for / ɪ /
was very poor for listeners HI3 and HI4. Considered together, these observations indicate
that specific formant audibility was not clearly predictive of identification performance and
would likely not by itself account for the findings of this study.

High presentation level and frequency selectivity—It is possible that the high
presentation level itself had a negative impact on performance for the HI listeners. Previous
studies have found that high presentation levels are associated with decreased word and
sentence intelligibility in quiet and in noise (French & Steinberg, 1947; Molis & Summers,
2003; Studebaker, Sherbecoe, McDaniel, & Gwaltney, 1999; Speaks, Karmen, & Benitez,
1967). However, studies that have specifically addressed vowel perception have found no
detrimental effect of increased level. Coughlin et al. (1998) reported that young NH listeners
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could identify four target vowels presented at 70 or 95 dB SPL with near-perfect accuracy.
Elderly HI listeners performed better for vowel identification at 95 than at 70 dB SPL –
perhaps an effect of reduced audibility at the lower level. In a subsequent study, neither an
overall increase in presentation level from 60 to 95 dB SPL, nor shaped gain that was
designed to keep the stimuli 15 dB above threshold, influenced vowel identification by HI
listeners (Richie et al., 2003). It should be noted, however, that the response categories in
each of these studies were represented by single vowel tokens.

In the current study, vowel categorization for the NH listeners changed significantly when
the presentation level was raised from 75 to 95 dB SPL. And, in fact, their performance at
the high level qualitatively resembled the performance of the HI listeners in certain respects:
the category overlap was increased and boundaries were more gradual than for the lower
presentation level. These changes are consistent with a reduction in spectral contrast caused
by smearing of the peaks and valleys in the excitation patterns for NH listeners at high levels
(e.g., Leek et al., 1987; Leek & Summers, 1996). The loss of spectral contrast is due to
broadening of auditory filters as normal cochlear processing becomes more linear at high
stimulus levels. A major characteristic of HI listeners is also a linearized system. Therefore,
the patterns of responses for both the NH listeners at high levels and the HI listeners are
likely due, at least in part, to the same underlying reduction of cochlear nonlinearity,
although to a greater extent for the HI than the NH listeners.

All of the HI listeners had impaired frequency selectivity over at least a portion of the
relevant frequency range as demonstrated by their broader auditory filter bandwidth
estimates (Figure 6). Depending on the severity of the hearing loss, individual formant peaks
can be either minimally identifiable or almost totally absent in the excitation patterns. For
instance, in the excitation patterns based on the auditory filter estimates for HI4, the listener
with the broadest filter estimates, there is very little differentiation for these stimuli in the
F2/F3 frequency region. This listener’s auditory filter bandwidth estimated at 2000 Hz was
more than four times greater than for a normal auditory filter. The excitation patterns shown
in Figure 7 illustrate the effect of the broad auditory filters in the frequency region of F2/F3.
The formant peaks in that frequency region are clearly apparent for NH listeners, as well as
for listener HI1, whose auditory filters were just over twice as broad as normal. Although
somewhat smoothed by the poorer-than-normal frequency resolution, HI1’s excitation
pattern still reflects at least the second formant, although the higher formants are more
problematic. In contrast, the excitation pattern modeled after listener HI4’s auditory filters is
almost flat in the F2/F3 region.

Age—The average age of the HI listener group was greater than that of the NH group (72
vs. 46 years). Previous research indicates that, after controlling for amount of hearing loss,
vowel perception does not differ between older and younger listeners. Richie et al. (2003)
compared the performance of a group of young HI listeners matched with a group of elderly
HI listeners from an earlier study (Coughlin et al., 1998) and found no difference in vowel
identification between the two listener groups when vowel categories were represented by
single tokens. However, Nábĕlek (1988) found that age was significantly correlated with
vowel identification for stimuli degraded by noise and reverberation, but not in quiet.
Although in this study listeners performed the task without the penalizing effects of noise
and reverberation, a case might be made that the stimuli presented here were in some
respects “degraded”. These stimuli were presented with only static spectral information,
with none of the other cues to vowel identity available from speech context, formant
dynamics, or vowel duration. Moreover, task uncertainty was increased through the
inclusion of ambiguous stimuli that could reasonably be identified as belonging to multiple
response categories. The relatively advanced ages of the HI listeners might have contributed
to the present findings, particularly related to these more “cognitive” degradations of the
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stimuli, perhaps analogous to effects of the acoustical distortions created by noise and
reverberation. It would be interesting to determine the similarities in type and degree of
performance deficits related to these two very different types of perceptual degradations
(cognitive versus acoustical), although the present data do not address that question.

Possible implications of ambiguity in vowel perception
The potential consequences for HI listeners of imprecise or ambiguous vowels encountered
in everyday communication may be, at best, uncertainty about vowel identity, and at worst,
misperception of vowel categories. In addition to simply misunderstanding, a consequence
of increased perceptual uncertainty may be increased attentional effort required to process
speech. In such cases, more emphasis must be placed on top-down processing as the
importance of context becomes more critical. This may result in extra cognitive processing
load, even if the word is eventually correctly recognized due to top-down processing.
Pichora-Fuller et al. (1995) reported that elderly listeners with and without hearing loss
made more use of contextual information in identifying sentence-final words presented in
background noise. Further, elderly listeners had poorer recall of the words they had
identified. Pichora-Fuller et al. concluded that extra cognitive resources were needed to
process speech in noise because of deficits in central processing associated with aging, and
that the combined effects of hearing loss and age resulted in even more effortful
communication in background noise.

The increased ambiguity of vowels that are not “good” tokens, as used here, may add to the
extra cognitive load required of HI listeners to support the accurate and timely analysis of
everyday speech sounds. Rakerd, Seitz, and Whearty (1996) obtained measures of listening
effort for HI listeners listening to speech while concurrently performing a digit
memorization task. The speech listening effort was greater for HI listeners. The authors
argued that a greater cognitive contribution was required for the HI listeners. Similarly,
Gatehouse and Gordon (1990) reported that HI listeners had to expend greater cognitive
effort to match performance on speech listening tasks than NH listeners. It appears, then,
that HI listeners may have to work harder to listen to ongoing speech than NH listeners with
intact auditory systems well adapted to their native speech.

CONCLUSION
By employing a densely-sampled stimulus set we were able to demonstrate significant
differences in vowel identification patterns due to increases in presentation level for NH
listeners and for listeners with hearing loss when compared with NH performance. For the
most part, vowel tokens that were highly-identifiable by NH listeners were also categorized
consistently by listeners with hearing loss. However, more ambiguous vowels showed
different patterns of response for HI listeners relative to performance by NH listeners. In
particular, HI listeners demonstrated greater overlap among response categories to different
tokens, and less regularity in responses over repeated presentations. A number of factors
may have contributed to difficulties in ambiguous vowel identification by HI listeners,
including a loss in frequency selectivity, leading to smoothing of the internal representation
of the spectrum.
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Figure 1.
Air-conduction thresholds (in dB HL re: ANSI 1996) for the listeners in this study. Average
NH thresholds, with standard errors of the mean, are indicated by filled symbols; individual
thresholds for the HI listeners are indicated by open symbols.
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Figure 2.
Bubble plots of pooled vowel identification for the five NH listeners. Bubble size
corresponds to the total number of times a stimulus was identified as a member of that
category. Each vowel category (top to bottom: / ɪ /, / ʊ /, / ɝ /) for each presentation level
(left: 75 dB SPL; right: 95 dB SPL) is displayed on a separate panel. Light gray lines show
average linear category boundaries calculated from data for twelve normal-hearing listeners
in an earlier study (Maddox et al., 2002).
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Figure 3.
Bubble plots of individual vowel identification for the five HI listeners. Each vowel
category (top to bottom: / ɪ /, / ʊ /, / ɝ /) for each HI listener is displayed on a separate panel.
Light gray lines indicate average NH category boundaries as in Fig 2. The pure tone
threshold average of 1, 2, and 3 kHz (PTA123) is also indicated.
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Figure 4.
Fitted three-dimensional response surface for NH listeners’ / ʊ / response (left) and
corresponding two-dimensional projection onto the F2 × F3 stimulus space (right). Lines on
both plots indicate, in 0.1 steps, formant values for which the predicted response probability
is equal.
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Figure 5.
Predicted response probabilities of / ɪ / (top row), / ʊ / (middle row), and / ɝ / (bottom row)
for NH (left) and HI (right) listeners for 95 dB SPL presentation level. Contour lines
indicate equal probability of response selection in 0.1 steps. On the panels for the HI
listeners, stimuli for which there was a significant difference in response probabilities
between the two groups are indicated with an asterisk.
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Figure 6.
Auditory filter bandwidth estimates in ERB as a function of filter center frequency for
individual HI listeners (open symbols) and linear fits to those estimates. Solid black symbols
indicate auditory filter bandwidth estimates for normal-hearing listeners reported by
Glasberg and Moore (1990).
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Figure 7.
Excitation patterns for frequencies between 600 and 5000 Hz for the three target stimuli
based on the auditory filter bandwidth estimates for HI1 (dashed black line) and HI4
(dashed-dotted black line), and for normal-hearing listeners (solid black line) using auditory
filter bandwidth estimates reported by Glasberg and Moore (1990). The solid gray line,
which shows the NH excitation pattern for frequencies below 600 Hz, is included as a
reference.

Molis and Leek Page 20

J Speech Lang Hear Res. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


