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Individual Variability of Hearing-Impaired

Consonant PCI‘CCptiOl’l

Andrea Trevino, MSEE,? and Jont B. Allen, Ph.D.!

ABSTRACT

The study of hearing impaired speech recognition at the
consonant level allows for a detailed examination of individual variabil-
ity. Use of low-context stimuli, such as consonants, aids in minimizing
the influence of some variable cognitive abilities (e.g., use of context,
memory) across listeners and focuses on differences in the processing or
interpretation of the existing acoustic consonant cues. We show that
hearing-impaired perception can vary across multiple tokens of the same
consonant, in both noise robustness and confusion groups. Within-
consonant differences in noise robustness are related to differences in
intensity of the consonant cue region. For a single listener, high errors
can exist for a small subset of test stimuli, and performance for the
majority of test stimuli can remain at ceiling. The existence of within-
consonant differences in confusion groups entails that an average over
multiple tokens of the same consonant results in a larger confusion
group than for a single consonant token. For each consonant token, the
same confusion group is consistently observed across a population of
hearing impaired listeners. Quantifying perceptual differences provides
insight into the perception of speech under noisy conditions and
characterizes each listener’s hearing impairment.

KEYWORDS: Consonant, individual differences, speech
perception, confusion group

Learning Outcomes: As a result of this activity, the participant will be able to (1) describe that multiple
tokens of the same consonant can be perceptually different for hearing-impaired listeners, and (2) characterize
the naturally variable consonant cues that can help to explain individual differences in consonant perception.
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Understanding the underlying individual
differences in hearing-impaired (HI) consonant
perception is key to the development and
interpretation of speech tests. Multiple tokens
of the same consonant are often considered
multiple measures of the same effect. Contrary
to this approach, the consonant cue literature
has documented, in detail, the variability of the
cues that are present in naturally produced
speech.”™ The variability of consonant cues is
quantified by analysis of the acoustical proper-
ties of each token and can be observed across
speech samples that are both unambiguous and
robust to noise for normal-hearing (NH) lis-
teners. The question remains: does the natural
variability across tokens of the same consonant
lead to differences in HI perception?

Our research at the University of Illinois
Champaign-Urbana has shown that HI per-
ceptual differences exist across multiple tokens
of a single consonant (i.e., within-consonant).
Furthermore, HI perceptual within-consonant
differences can be observed in terms of robust-
ness to noise and confusion groups. Within-
consonant differences in noise robustness can
result in the observation that, for a single HI
listener at a fixed signal-to-noise ratio (SNR),
performance for one token of a consonant is at
ceiling and another token of the same conso-
nant reaches 100% error. For NH listeners,
different tokens of a consonant can have varying
noise robustness.®’ We show that the within-
consonant differences in noise robustness for
HI listeners are correlated to within-consonant
differences in noise robustness for NH listeners.

Each token of a consonant has a unique
subgroup of possible confusions. Although
there is often overlap in the confusion groups
across multiple tokens of the same consonant,
some tokens can show systematic within-con-
sonant differences. The averaged responses of
HI ears to multiple tokens of a single consonant
can often appear to be random guesses drawn
from a large confusion group. Some of this
randomness can be an artifact of averaging
across tokens; smaller confusion groups are
observed when slight to moderate HI subjects
are examined at the token level. In addition, the
token-specific confusion groups are shared
across different HI listeners, implying that
the subtle variability in the acoustical properties

(that does not affect NH recognition) is the
source of these systematic within-consonant
differences in confusion groups.

Existing practice uses pure tone thresholds
as the primary prescriptive measure for the HI
ear. It has been widely observed that HI ears can
have similar pure tone thresholds but differ in
their speech perception abilities.'%'” Differ-
ences in speech perception abilities are most
commonly examined using the speech recogni-
tion threshold; we examine the variability of
speech perception abilities across individual
consonant tokens. We show that, in both quiet
and low-noise conditions, errors can be con-
centrated on a small, ear-dependent subset of
the test stimuli. An ear that seems “almost
normal” in terms of an average error measure
can, in actuality, have high error with a very
small, specific group of sounds. In addition, ears
with similar degrees and configurations of
hearing loss and similar average consonant
errors can have different individual consonants
that fall into error.

When testing HI ears, the selection of the
tokens is critically important. Multiple tokens
of a single consonant, having acoustic cues that
vary naturally in terms of intensity, frequency,
and/or temporal cues, can result in different
measures of hearing impairment. This natural
variability could be used to advantage, but only
once it has been controlled.

BACKGROUND

Consonants comprise ~ 58.5% of conversation-
al speech.18 Although the relative importance of
consonants and vowels for HI speech percep-
tion remains uncertain,'”?° here, we concen-
trate on HI consonant perception. Many
previous works have examined HI consonant
recognition using naturally produced speech,
including Lawrence and Byers,21 Bilger and
VVatng,z2 Owens,> Wang et al,>* Dubno and
Dirks,? Boothroyd,26 Fabry and Van Tasell,?”
Dreschler,?® Gordon-Salant,?® and Zurek and
Delhorne.®® Overall, the effects of hearing
impairment on speech perception are more
severe in the presence of noise.?>?® Tt has
been observed that some consonant confusions
are common across a variety of audiometric
conﬁgurations.23’29 In these previous studies,
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data analysis is performed using either an aver-
age measure (over all consonants) or with
consonants grouped by distinctive features.
The work of Boothroyd and Nittrouer
formulated the relationship between correct
perception of low-context speech segments
(e.g., phonemes) and high-context segments
(e.g., words) in NH ears.>! Follow-up studies
by Bronkhorst et al greatly extended this
work.3?33 These studies demonstrate the NH
individual’s ability to decode high-context
speech depends critically on their low-context
error. When an HI listener reports that they
can “hear speech but have trouble understand-
ing it,” it may be due to a small group of specific
sounds being incorrectly recognized. These
observations affirm the utility of studies of
hearing impairment that use low-context

speech.

CHARACTERIZING INDIVIDUAL
TOKENS

One of the greatest impediments to both de-
veloping speech-based tests and interpreting
HI speech perception data are the large amount
of individual variability that exists in natural
speech. Characterizing how the cues vary for
tokens used in a speech test allows one to
control for some of this variability.

The 3-Dimensional Deep Search (3DDS)
methodology, first introduced by Feipeng Li in
2010, combines three classic NH listener psy-
choacoustic experiments (time truncation,
high-/low-pass filtering, and noise masking)
to characterize each individual token’s neces-
sary consonant cue region in terms of temporal
qualities, frequency, and noise robustness.®”
The noise masking experiment characterizes
the noise robustness of an individual token
with the SNRgy measure, defined as the full-
bandwidth SNR at which the probability of
correct recognition drops below 90%. For NH
listeners, the SNRg, correlates with the physi-
cal intensity of the specific 3DDS-isolated
consonant cue region, with tokens with more
intense cue regions having lower SNRgg
values.®”34

The difference in the NH SNRg, values
between two tokens, the NH ASNRy, relates
their robustness to noise and, therefore, can be

used to relate their relative threshold audibility.
When multiple tokens of the same consonant
have perceptual cues that are within a similar
frequency range, a measure of their relative
audibility remains constant for any hearing
loss configuration. Calculation of a ASNRy,
value is illustrated in Fig. 1 (top), with A
marking the difference between the SNRgy
values of two tokens.

The NH ASNRy values are reported for
13 example pairs of consonant tokens in Fig. 1
(bottom), with the consonants sorted along the
abscissa by monotonically increasing NH
ASNRyg values. This plot shows that for /g/,
the token from talker 1 is more robust to noise
than the token from talker 2 by 9 dB, and for
/3/, the token from talker 2 is more robust to
noise by 10 dB. Very small differences in the
noise robustness of the two tested tokens
(within £ 3 dB) are observed for eight conso-
nants, /m, t, k, [z, n, p, s/. The relation of the
NH ASNRy, values to HI perception is dis-

cussed in the following section.

WITHIN-CONSONANT
PERCEPTUAL DIFFERENCES

Differences in Token Noise Robustness
Noise robustness can vary across tokens of the
same consonant for HI listeners. The variability
in noise robustness can be observed in the
probability of error as a function of SNR; the
most extreme examples are when one consonant
token reaches errors as high as 100%, while
another token of the same consonant remains at
ceiling correct performance (0% error).

Fig. 2 displzly5 the consonant recognition
error for two HI ears (Fig. 2 top left) 40L and
(Fig. 2 bottom left) 34L, at four different SNRs
(quiet and 0-, 6-, and 12-dB SNR in speech-
shaped noise). Each subplot corresponds to one
of 14 consonants and shows the error for two
test tokens (one male and one female talker),
and their average error. All test tokens were
chosen such that they show no NH listener
error (< 3%) at the four tested SNRs (see
“Speech Materials” section). From these plots
one can see that there are several examples
where one of the two tokens reaches high levels
of error, and the other remains robust to noise.
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Figure 1 (Top) lllustration of probability versus SNR

curves for two consonant tokens, with the difference
in SNRgq values (ASNRgp) indicated. The SNRgq is
defined as the SNR at which the probability of
recognition drops below 90%, whereas ASNRgq
quantifies the difference in noise robustness across
two tokens. (Bottom) The NH ASNRgg for 13 exam-
ple consonant token pairs, as computed from NH
perceptual data (Table 2) in the presence of speech-
weighted noise.® A positive NH ASNRg indicates
that the female token (talker 2) is more robust to
noise, whereas a negative value indicates that the
male token (talker 1) is more robust to noise. The
labels Sand Z correspond to / [/ and /3/, respectively.
Abbreviations: NH, normal hearing; SNR, signal-to-
noise ratio.

For example, Fig. 2 (top left) shows that ear
40L reaches >50% two-token average error for
/b, g, m, n, v/ as noise is introduced; but when
the error is analyzed on an individual token
basis, one finds that the errors for /g, m/ are
completely due to the female token and that the
error for /v/ is completely due to the male token.
Similarly, ear 34L reaches >50% two-token
average error for /b, g, k, p, v, z/, but, across the

two tokens, large differences in noise robustness
exist for /k, m, s, v/.

To quantify these observations, the differ-
ence in error between the two tokens of each
consonant is calculated as a function of SNR.
The average error difference, AP, for a given
consonant is formulated as:

1 i 7y
AP, :@Z(P" (s)-P" (s))

se§

S={se{0,6,12, Quiet }:5<s*|

where P, is the probability of error at SNR s, 5™ is
the highest SNR at which more than one error
is observed for either of the two tokens, and 7(S)
indicates the number of elements in set S. Here,
T; and T indicate the tokens from talkers 1
(male) and 2 (female), respectively. AP, for each
consonant is computed over the SNRs at which
error is observed for at least one of the two
tokens, to better capture the largest observed
differences in error. If no error is observed over
all SNRs, AP, = 0.

The AP, is shown for example ears 401 and
34L in Fig. 2 (top right and bottom right). A
negative AP, indicates that the male token is
more robust to noise, whereas a positive value
indicates that the female token is more robust.
The consonants with the largest absolute AP,
values for ear 40L are /g, m, v/, and /m, k, s/ for
ear 34L. AP = 0.4 is marked for reference; a 0.4
error difference corresponds to at least two trials
in error (5 <N < 10). The AP, values for 17 HI
ears are shown in Fig. 3 (top). Large within-
consonant differences is a widespread effect,
with 16 of 17 ears showing at least one
AP, > 0.4.

We can compare the differences in token
noise robustness for HI listeners to that of NH
listeners with the same test tokens. The conso-
nants in Fig. 3 (top) are plotted in the same order
along the abscissa as the NH ASNRgq values,
shown in Fig. 1 (bottom). This is done to
determine if the token that is more robust to
noise for a NH listener is also more robust for an
HI listener. An increasing trend can be observed
in the mean HI AP, values, similar to the trend of
the NH ASNRy, values. A linear regression
between the two measures is plotted in Fig. 3
(bottom); the HI AP and NH ASNRg values are
significantly correlated (p = 0.81, p < 0.001). If



78 SEMINARS IN HEARING/VOLUME 34, NUMBER 2 2013
. Probabiity of Error, Listener: 40L Avarage Emor Difference, HI 40L
0-5) 1 .
preh @l [fEO) o ka
. .
0.5 %’\ .\ o =
025\ ol R | Pe
oo ese-u =90 #5e-4 L 0.0
o
ﬁ na pa sa ta ‘ “
) o o o o
5 2 o
x ]
&,,‘. Sy, 5\%% e D&
3&3 """""" o' '_0'"'_0 """"""""""""
. =05} ¢
Sel | .28 2| [ Female 5
4 = Male
L4
Ses 8 3%%68 m-g gmitkSzpsndvbzZ
Probabiity of Error, Listener: 3L Average Error Difference, HI 34L
da fa ka 1
R o] &
R 3 u
Byo-s Lol LByol Kooyl 08 o .
na pa|] & sa ta
\ “L' 0 o e
f X 5 o o
[ g o o
- —F - b T - } - (o]
oo Ty L¥e e fhe o R
-05 ”
A e Zal ¢ 7| 5 Female @ o
0.25) \ e | % -%--Avg 1 -
o ol Elger K L I mt k z sndvbaZ
Toend SEEE orke oshd C EARS

SNR

Figure 2 Hl ears (top left and bottom left) 40L and 34L. Consonant recognition error as a function of SNR,
each of the 14 consonant subplots shows the empirical error probability for a female token (diamond marker),
a male token (square marker), and the average across the two talkers (x marker). Data for the male /fa/ not
included in the analysis (top right, bottom right). AP, for each consonant; consonants are ordered along the
abscissa based on the NH ASNRg, values (as in Fig. 1 at the bottom). AP, = + 0.4 is marked for reference.
The labels Sand Z correspond to / [/ and /3/, respectively. Abbreviations: Hl, hearing impaired; NH, normal

hearing; SNR, signal-to-noise ratio.

the HI AP, values are computed as the average
over all tested SNRs (i.e., 7(S) = 4 fixed for all
consonants), then the correlation coefficient is
lower but remains significant (p = 0.77). This
agreement across HI and NH listeners, in the
relative noise robustness of tokens, suggests that
both sets of listeners use the same primary cues,
and that the audibility of these cues plays a major
role in the relative noise robustness for HI
listeners.

The consonants/ [, z, p, s, n/ all have a NH
ASNRy, <3 dB, indicating that both tokens
have consonant cue regions that are nearly equal
in intensity, and thus audibility. Despite this,
some HI listeners can have large AP, values for
these consonants. In these cases, additional
signal properties (e.g., variable temporal or
frequency characteristics) may play a role; one

such variable signal property is the presence of
conflicting cues,” which are naturally occurring
consonant cues that are not necessary for correct
perception of the target consonant and, instead,
are cues for nontarget consonants.

Differences in Token Consonant
Confusion Groups

Study of the consonant confusion groups for
NH listeners (e.g., /b, d, g/, /p, t, k/, /m, n/)
dates back to the groundbreaking work of
Miller and Nicely.>> We have shown that
acoustic cue variability across different tokens
of the same consonant can lead to differences in
noise robustness. The natural variability of
speech also can lead to within-consonant differ-
ences in confusion groups.
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Figure 3 (Top) AP, for 17 Hl ears. Each circle
marker represents the value for a single HI ear, the
mean across ears for each consonant is marked with
an x. A negative AP, indicates that the male token
has lower error, a positive value indicates that the
female token has lower error. Consonants are
ordered along the abscissa based on the NH ASNRg,
values (as in Fig. 1 at the bottom). AP, = 0.4 is
marked for reference. The labels S and Z correspond
to /[/ and /3/, respectively. (Bottom) Comparison and
linear regression of the mean HI AP, values and the
NH ASNRgq values (see Fig. 1 at the bottom); the
two values are significantly correlated (p = 0.81,

p < 0.001). Abbreviations: HI, hearing impaired; NH,
normal hearing; SNR, signal-to-noise ratio.

The confusions for the two tokens of the
consonant /b/ + /a/, are first analyzed in
detail. Fig. 4 (top left, bottom left) shows
data for six HI ears, at four SNRs. The height
of each bar represents the overall probability of
error, and the confusions as a proportion of this
error are indicated by pattern. Individual HI
listeners are separated by vertical bars that lie
over the plots. For the /ba/ token from the
female talker, a large proportion of the con-
tusions are with /d, v, g/. In contrast, the /ba/
token from the male talker shows a high

probability of confusions with /f, v/, over the
six HI ears. The average responses for each of
the two /ba/ tokens (over 17 HI ears and four
SNREs) are shown as two pie charts in Fig. 4 (top
right, bottom right). These pie charts show this
difference in confusion groups for the two /ba/
tokens, over a population of 17 ears.

For each consonant token, the average
error over 17 HI ears and four SNRs, and the
confusions that comprise this error, are shown
in Fig. 5. We see within-consonant differences
for the confusion groups of /ba, ga, ma, sa, 3a/.
Although some confusions are shared across
tokens of a consonant, distinct within-conso-
nant differences are common. The size of the
average individual token confusion group can be
small (the majority of the total responses are
accounted for by <4 confusions), indicating that
the majority of the responses across the 17 HI
ears and four SNRs are from the same confusion
group. The HI ears make similar confusions fora
given token, despite the many subject differences
(e.g., degree of speech errors, hearing loss, age,
gender, and background). This implies that the
variable acoustic properties of each token (pri-
mary and conflicting acoustic cues) determine
the possible HI confusions. If the responses to
multiple tokens of a single consonant are aver-
aged together, different confusion groups may be
averaged together and cause an HI listener to
appear to be guessing or more “random” in their
speech perception than they actually are.

OVERVIEW OF THE ERROR
DIFFERENCES FOR INDIVIDUAL
EARS

An overview plot of the distribution of errors
across the set of consonant test tokens allows
one to visualize the underlying token errors that
are often reported as a single averaged value.
We have observed that large within-consonant
differences exist in noise robustness/error, the
same recognition data, now compared across all
consonant tokens is examined here.

An error overview plot for an individual HI
ear shows the error for all test tokens, with the
tokens sorted along the abscissa to create a
monotonically increasing plot. This monotoni-
cally increasing plot allows one to clearly see the
nature of the errors; that is, whether errors are
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Figure 4 Probability of error and confusions for two tokens of /ba/. (Top left) Error for the female /ba/ token,
data from three Hl listeners (data for both ears shown) at four SNRs. Confusions as a proportion of the total
error are labeled by pattern. (Top right) The proportion of responses for the female /ba/ token, averaged across
17 HI ears and four SNRs; primary confusions are with /d, v, g/. (Bottom left) Error for the male /ba/ token, data
at four SNRs is from the same six HI ears as in (the top left). Confusions as a proportion of the total error are
labeled by pattern. (Bottom right) The proportion of responses for the male token, averaged across 17 Hl ears
and four SNRs; primary confusions are with /f, v/. Abbreviations: Hl, hearing impaired; SNR, signal-to-noise ratio.

widespread over all stimuli or if, instead, high
errors are only observed for a specific subset of
stimuli.

Overview plots of the errors across 28 test
stimuli (2 talkers x 14 consonants), are shown
in Fig. 6, with each line representing the data for
a single HI ear. The distributions of error in
quiet (Fig. 6 at the top) and in speech-shaped
noise (Fig. 6 at the bottom) show that high
degrees of error can be concentrated to small
subsets of the total consonant stimuli. In the
quiet condition, all tested HI ears with slight to
mild hearing loss have no errors for the majority
of consonant tokens, thus, these tokens are
audible. Despite the large number of tokens
with no errors, the same ears can reach > 50%
error with the remaining tokens. In noise, as
might be expected, higher degrees of error are
observed across the test tokens; again, HI ears
show a combination of some tokens with zero
measured error and others with high error.

THE UNDERLYING INDIVIDUAL
DIFFERENCES WITHIN THE
AVERAGE CONSONANT ERROR

The average speech score, across many different
stimuli, or the SNR at which the average speech
score hits 50% are often used to compare HI
subjects. Can HI listeners with similar pure
tone thresholds and similar average speech
scores in both quiet and noise have different
individual consonant tokens that are perceived
in error?

Fig. 7 shows data for three HI listeners
(one ear per listener) who have very similar pure
tone thresholds and whose average error in
quiet and noise also is matched (within 10%
in 6- and 12-dB SNR speech-shaped noise and
in quiet). In addition, the average consonant
error for all three HI ears is within 10% of NH
performance at 12-dB SNR and quiet. Note
that the average error for an HI ear is approxi-
mately linear on a log scale with respect to s, just
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Sorted Token Error Overview, Quiet, 17 HI Ears
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Figure 6 Sorted error overviews of the 28 test
tokens (14 consonants x 2 talkers), for (top) 17 Hl
ears in quiet, and (bottom) 17 HI ears in 0-dB SNR
speech-shaped noise. Each line is an individual Hl
ear at a fixed SNR. For each individual ear, the
tokens are sorted along the abscissa, creating a
monotonically increasing error plot. Both with and
without noise, errors for each HI ear are concentrat-
ed to a small subset of the stimuli. In quiet, all ears
with slight to mild hearing loss show zero error for
the majority of test tokens. Abbreviations: Hl, hear-
ing impaired; SNR, signal-to-noise ratio.

like the error predicted by the articulation index
formula.>® As in the previous sections of this
article, 14 consonants with 2 tokens per conso-
nant were used as stimuli. The error for indi-
vidual consonant tokens is compared with the
average error for three example ears in Fig. 7
(top right, bottom left and bottom right).
Despite the similar pure tone thresholds
and average errors, the individual consonants
that are perceived in error are ear-dependent.
Ear 32L shows errors with a large range of
consonant tokens, particularly of /b, g, n, v, z/,
reaching almost 100% error with the male /n, v,
z/ and the female /g/ tokens. Ear 36R shows
high error with only the two /b/ tokens and the
male /v/. Ear 40L also has difficulty with a
wider array of consonants in noise, showing
consistent errors with tokens of /b, f, g, n, m, v/.
We see that similar pure tone thresholds and
average errors can have underlying individual
variability in terms of consonant perception.
A listener with a low average error can also
have underlying high errors with small, specific
set of stimuli. In terms of the average, ear 36R
(Fig. 7 bottom left) appears to be almost
normal, falling within 10% of NH performance
at 6- and 12-dB SNR and quiet. However,
when the individual consonant errors are ex-
amined, ear 36R actually has very high error for
both tokens of /b/ and the female token of /v/;
in fact, 36R has 100% error for both /b/ tokens
at 0- and 6-dB SNR. Thus, an ear that appears
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Figure 7 (Top left) The pure tone thresholds of three Hl listeners (one ear per listener shown). (Top middle)
Average consonant error over 28 consonant tokens (14 consonants x 2 talkers), for individual HI and NH
listeners, on a log scale (shaded region for NH listener data denotes one standard deviation). The HI data are
shown for O-, 6-, and 12-dB SNR and quiet. (Top right, bottom left and right) Individual and average token
errors for HI ears 32L, 36R, and 40L. For the individual consonant tokens, dash-dot black lines indicate a token
from a female talker, dashed gray lines indicate a token from a male talker. Random errors <1/N are not
shown to reduce clutter. The labels S and Z correspond to / [/ and /3/, respectively. Abbreviations: HI, hearing
impaired; NH, normal hearing; SNR, signal-to-noise ratio.

“almost normal” in terms of the average speech  probability of 100% at a fixed SNR. Agreement
score can actually have a severe problem with a  between NH and HI ears in the relative noise
very specific type of speech sound. robustness of tokens indicates that signal prop-
erties, in part the relative intensity and thus
audibility of the consonant cues, are a source of
SUMMARY noise robustness differences. Other varying
The natural within-consonant variability al-  signal properties, such as variations in temporal
ways should be considered when interpreting  and frequency characteristics of the primary
the results of an HI consonant test. HI within-  consonant cues and the presence of conflicting
consonant perceptual differences are observed  consonant cues, may also play a role in these
in terms of both noise robustness and confusion  differences.
groups for tokens that show no error and are Within-consonant differences in the con-
unambiguous for NH listeners. Although to-  fusion groups are observed across a population
kens are similar enough to be categorized as the  of 17 HI ears. When the confusions of HI ears
same consonant by NH listeners, existing subtle ~ are examined on a token (as opposed to a
natural variations in signal properties can lead  consonant) level, one observes that they are
to systematic differences in HI perception. much more self-consistent in their responses
Characterizing the primary and any conflicting  (i.e., the confusion groups are smaller). A
perceptual cues of test tokens is thus critically — population of 17 HI ears all tended to respond
important to understanding HI perception of  from a single limited token-dependent confu-
naturally spoken consonants. sion group, suggesting that the acoustic prop-
The within-consonant recognition differ-  erties of each token determine the confusions.
ences in noise robustness across two tokens of a  Analysis of which acoustic cues lead to particu-
consonant can be as large as a difference in error  lar confusions has the potential to provide new



HEARING-IMPAIRED CONSONANT PERCEPTION/TREVINO, ALLEN

83

insight into the speech perception strategies
that are being used by HI listeners.

We observe that listeners with slight to
moderate hearing loss have difficulty with only
a small subset of stimuli; for some ears, this
holds true even at the 0-dB SNR noise condi-
tion. These observations are particularly rele-
vant to clinical interpretations of average speech
measures. Systematic errors with a particular
type of speech signal can lead to difficultly in
understanding words that contain these con-
sonants; for natural conversation, the need for
correct perception of every phoneme decreases
as context is introduced via meaningful words
and sentences.>! This provides a plausible ex-
planation for why hearing impairment deficits
are more difficult to observe in tasks that
provide context.

Even when HI listeners have similar pure
tone thresholds and average speech errors,
perception of individual consonant stimuli can
be widely different. Further exploration of the
sources of these individual differences will
improve our understanding of how HI listeners
process and interpret naturally spoken conso-
nant cues. Methods need to be developed to
apply these findings in a hearing aid paradigm.

HI Subjects

The majority of HI subjects in this article (16 of
17 ears) have approximately flat loss below 1 to
3 kHz with high-frequency sloping loss. One
ear (14R) has the most hearing loss < 2 kHz,
with an inverted high-frequency loss and a pure
tone threshold within normal ranges at 8 kHz.
Tympanometric measures showed no middle

Table 1 17 HI Ears Ordered by the Average
of the Left and Right Ear 3-Tone (0.5, 1, 2 kHz)
PTA, with Age of the Listener and MCL for
Each Ear

HI Subject Data

HI ear PTA Age MCL
441 10 65 82
44R 15 65 78
46L 8 67 82
46R 17 67 82
40L 22 79 80
40R 23 79 80
36L 27 72 68
36R 28 72 70
30L 30 66 80
30R 27 66 80
32L 35 74 79
32R 27 74 77
34L 32 84 84
34R 28 84 82
01L 45 82 83
01R 47 82 82
14R 73 25 89

Abbreviations: HI, hearing impaired; MCL, most com-
fortable level; PTA, pure tone average.

ear pathologies for all ears. Pure tone averages
are listed in Table 1.

Speech Materials

The LDC-2005S22 database labels for the test
tokens, along with the NH SNRg, values, are
listed in Table 2. All SNRgq values are calcu-
lated by linear interpolation between measure-
ments taken at —22, —20, —16, —10, and —2
dB.

Table 2 Male and Female Talker Labels for Each CV Token, Along with the Corresponding NH

SNRy, Values

CV M Talker SNRgo (dB) F Talker SNRgo (dB) CV M Talker SNRgo (dB) F Talker SNRg, (dB)
ba m112 -2 101 -10 pa m118 -14 103 17
da m118 -7 f105 -13 sa m120 -10 103 -13
fa  m112° -5 £109 —12 fa mi18  —16 £103 ~15
ga m111 —-12 109 -3 ta m112 =17 108 14
ka  m111 -13 103 -1 va m118 -3 101 -10
ma m118 -14 103 -1 3a  m107 -7 105 17
na m118 -4 101 -7 za m118 =17 106 —-18

Abbreviations: CV, consonant-vowel; F, female; M, male, NH, normal hearing, SNR, signal-to-noise ratio.

#This token was not included in the data analysis.
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