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E F F E C T S  OF R E D U C I N G  L O W - F R E Q U E N C Y  A M P L I F I C A T I O N  
ON C O N S O N A N T  P E R C E P T I O N  IN Q U I E T  A N D  N O I S E  

SANDRA GORDON-SALANT 
University of Maryland, College Park 

The aim of this study was to assess the effect of low-frequency amplification on speech recognition performance by hearing- 
impaired listeners. Consonant identification performance by subjects with fiat hearing losses and high-frequency hearing losses 
was assessed in three different hearing aid conditions, in quiet and noise. The experimental hearing aids all provided extra high- 
frequency amplification but differed in the amount of low-frequency amplification. The results showed that listeners with fiat 
hearing losses benefited by low-frequency amplification, whereas subjects with high-frequency hearing losses exhibited 
deteriorating scores in conditions with greatest low-frequency amplification. Analyses of phonetic feature perception and 
individual consonant recognition scores revealed subtle interactions between hearing loss configuration and amplification 
contour. 

I 

High-pass amplification has received increasing atten- 
tion in recent years as a viable fitting for listeners with 
high-frequency hearing losses (Schwartz, Surr, Montgom- 
ery, Prosek, & Walden, 1979) and wide-band hearing 
losses (Harford & Fox, 1978). In these amplification 
schemes, a wide-band hearing aid receiver is used to 
provide amplification above 5000 Hz, and a high-pass 
filter is used to minimize amplification of the low fre- 
quencies. Coupling the hearing aid to an open or vented 
earmold further reduces amplification in the low frequen- 
cies and may create additional high-frequency reso- 
nances to enhance the high-frequency gain. Although 
success has been reported with the use of extended high- 
frequency amplification in comparison with conventional 
(narrow-band) frequency-response hearing aids, compar- 
atively little is known about the effect of severely restrict- 
ing amplification of the low frequencies in these hearing 
aid fittings. Undoubtedly, the configuration of a listener's 
hearing loss and the stimulus-response parameters have 
some influence on the extent to which low-frequency 
amplification will affect performance. 

The rationale for employing high-pass amplification is 
two-fold: to provide maximum enhancement of the weak, 
high-frequency spectral cues in the speech signal and to 
reduce upward spread of masking by attenuating the 
more intense low-frequency energy in the speech spec- 
trum. Listeners with selective high-frequency hearing 
losses appear to be particularly good candidates for this 
type of amplification because they demonstrate poor 
recognition of consonant phonemes conveyed by high- 
frequency cues (Owens, Benedict, & Schubert, 1972) and 
they demonstrate a susceptibility to upward spread of 
masking (Danaher, Osberger, & Pickett, 1973). Indeed, 
investigations of hearing aid contours that result in maxi- 
mum speech recognition performance by listeners with 
sloping hearing losses have shown consistently that high- 
pass amplification (between 1000 or 2000 Hz and 6300 
Hz) is critical for achieving optimum performance 
(Kamm, Dirks, & Carterette, 1982; Pascoe, 1975; 
Schwartz et al., 1979; Skinner, 1980). This result has been 
shown for a variety of speech tests presented in noise, 

including high-frequency word lists, the California Con- 
sonant Test (CCT), NU-6, selected voiceless consonants, 
and the Synthetic Sentence Identification Test (SSI) 
(Kamm et al., 1982; Pascoe, 1975; Schwartz eta]., 1979). 

The application of high-pass amplification to listeners 
with fiat sensorineural hearing losses is less tenable. 
These listeners may be unable to detect low-frequency 
cues necessary for consonant identification and, there- 
fore, may require some amplification in the low frequen- 
cies. A study by Owens et al. (1972) showed that subjects 
with fiat hearing losses exhibited errors for consonants 
conveyed by low-frequency information and by high- 
frequency information. Further, perception ofsonorance, 
a (low-frequency) dimension identified for normal listen- 
ers and those with high-frequency losses, was not evident 
for listeners with fiat hearing losses (Walden & Montgom- 
ery, 1975). 

Listeners with flat hearing losses also may not exhibit 
upward spread of masking. This measurement is depen- 
dent on the listener's unmasked thresholds in quiet and 
the masker intensity (Humes, 1983b). Measurements of 
threshold shift produced by equivalent high-intensity 
maskers (>100 dB SPL) show that normal and hearing- 
impaired listeners with fiat losses exhibit similar spread- 
of-masking patterns, based on average data (Humes, 
1983b; Martin & Pickett, 1970). However, when masked 
thresholds are measured, some impaired listeners may 
demonstrate an excessively asymmetrical masking pat- 
tern (deBoer & Bouwmeester, 1974). In addition, if the 
masker is adjusted to produce equivalent effective mask- 
ing levels for all subjects, then listeners with both fiat and 
high-frequency sensorineural losses show more spread of 
masking than do normals. This is due to the higher 
masker levels presented to the impaired subjects 
(Humes, 1983b; Jerger, Tillman, & Peterson, 1960). Com- 
parisons of threshold shift produced by maskers of equiv- 
alent SPL in listeners with different hearing loss configu- 
rations have indicated that listeners with fiat losses do not 
show as severe upward spread of masking effects as do 
listeners with high-frequency sensorineural losses (Dan- 
aher et al., 1973; Martin & Pickett, 1970). However, 
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sizable between-subject variability has been noted in the 
data obtained from impaired ears (Danaher & Pickett, 
1975; Martin & Pickett, 1970). Our contention, therefore, 
is that listeners with fiat hearing losses may benefit from 
some low-frequency amplification without experiencing 
excessive spread of masking effects at typical levels of 
aided conversational speech. 

Amplification of the low frequencies may also benefit 
hearing-impaired listeners by improving the quality of 
amplified sound. Paired-comparison preference judg- 
ments of amplified sound quality have shown that nor- 
mal-hearing listeners and listeners with gradually sloping 
sensorineural hearing losses consistently prefer electro- 
acoustic responses characterized by low-frequency ener- 
gy (Punch & Beck, 1980; Punch et al., 1980). Magnitude 
estimations of amplified speech quality by hearing-im- 
paired listeners with gradually sloping hearing losses 
have confirmed this finding for speech presented at 
levels below 100 dB SPL (Tecca & Goldstein, 1984). 
These reports suggest that low-frequency amplification 
should be considered in a hearing aid fitting to improve 
the hearing aid user's subjective reaction to the aid. 

It is apparent that methodological parameters, especial- 
ly the stimulus, presence of background noise, and listen- 
er's task, have a substantial influence on the measured 
effects of various hearing aid frequency responses on 
hearing-impaired listeners' performance. Most standard- 
ized speech tests presented in quiet have been ineffec- 
tive in demonstrating performance differences with dif- 
ferent hearing aid frequency responses (Harford & Fox, 
1978; Schwartz et al., 1979). However, in noise, perform- 
ance changes across different amplification contours are 
more often observed (Harford & Fox, 1978; Je rger  & 
Hayes, 1976; Pascoe, 1975), although not with all tests 
(Kamm et al., 1982). 

The  evaluation of subtle effects of low-frequency am- 
plification requires a test that will be sensitive to changes 
in perception of low-frequency as well as high-frequency 
stimuli. Thus, tests such as the California Consonant 
Test, the Nonsense Syllable Test, and Pascoe's high- 
frequency word list, constructed to elicit the errors of 
listeners with high-frequency hearing losses, will not 
suflqce. Instead, a tes't that assesses recognition of all 
possible consonants should be able to demonstrate subtle 
performance changes. In addition, measures of total per- 
formance on a particular test can only provide gross 
information regarding changes in speech recognition per- 
formance as the amplification spectrum is altered. It is 
possible for a listener's total score to remain stable in two 
hearing aid conditions, but for the pattern of errors to 
change dramatically. A detailed analysis of error patterns 
would enable us to determine whetlaer recognition of 
certain consonants is affected differentially under varying 
hearing aid spectral contours. 

The preceding review suggests that extended high- 
frequency amplification may improve speech recognition 
for many hearing-impaired listeners, but that severe re- 
duction of low-frequency amplification may not be war- 
ranted in all cases. The low-frequency part of the speech 
spectrum is rich in acoustic information cueing consonant 

identity and also contributes to the perceived quality of 
amplified speech. The purpose of this study was to 
evaluate whether selectively reducing the amount of low- 
frequency amplification has a significant effect on the 
speech recognition performance of hearing-impaired lis- 
teners. Specifically, the study sought to determine wheth- 
er low-frequency attenuation reduces the scores of listen- 
ers with fiat hearing losses and improves the scores of 
listeners with high-frequency hearing losses. Consonant 
recognition responses were used to evaluate total per- 
formance changes across experimental conditions, as we]I 
as to observe subtle changes in specific patterns of 
performance as the amount of low-frequency amplifica- 
tion was manipulated. 

M E T H O D S  

Subjects 

Two groups of 10 subjects each, selected from the 
University of Maryland Hearing Clinic population, par- 
ticipated in the experiment. The listeners in Group I had 
bilateral mild or moderate sensorineural hearing losses 
with flat audiometric configurations, defined as thresh- 
olds within 15 dB of each other from 250 through 4000 
Hz. The subjects in Group II had hearing thresholds 
within normal limits through 1000 Hz, which sharply 
sloped to a sensorineural hearing loss of 40 dB or more at 
4000 Hz and above, bilaterally. The mean audiometrie 
configurations for the two groups of listeners are present- 
ed in Figure 1. Speech recognition scores on a standard 
phonetically balanced word list (NU-6; Northwestern 
University Auditory Test No. 6-Tillman & Carhart, 1966) 
were greater than 70% for all subjects~ Tympanometrie 
screening was conducted for all subjects to ensure that 
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FIGURE 1. Mean audiometric configurations for subjects with t|a~ 
sensorineural hearing losses (Group 1) and subjects with high~ 
frequency sensorineural hearing losses (Croup 2). 
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they were free of significant middle-ear disease. Subjects 
assigned to the two groups were matched in age. Those in 
Group I were aged 26-71 (7 = 56.6 years); those in 
Group II  were aged 23-69 (7 = 54.4 years). All subjects 
had been hearing aid users for at least 6 months prior to 
the study. 

Hearing Aids 

Three experimental hearing aids were selected for this 
study on the basis of frequency response curves measured 
according to the ANSI (1982) standard. These electro- 
acoustic measurements were made in a hard-walled 2- 
cm 3 coupler (B & K DB-0138) and an acoustic test 
chamber (Phonic Ear HC 2400). During measurement,  
the volume of each hearing aid was set at the Reference 
Test Gain position, and an input sweep tone of 60 dB SPL 
was presented. The three hearing aids were similar in 
providing h igh- f requency  ampli f icat ion from 2000 
through 6300 Hz, but they differed in the amount of 
amplification provided below 2000 Hz. 

The first hearing aid (Oticon E15P1) had a wide-band 
frequency range of 400-6300 Hz and a fiat frequency 
response from approximately 800 to 6000 Hz. This aid 
was designated as the Flat Frequency Response hearing 
aid, or FFR. The second hearing aid (Oticon E11HC) had 
a high-frequency emphasis from 2000 to 6300 Hz and a 
"gradual" low-frequency attenuation rate of 12 riB/octave 
below 2000 Hz (designated as Gradual Low-Frequency 
Response, or GLFR). The third hearing aid (Oticon 
EI7HC) also had a high-frequency emphasis from 2000 to 
6300 Hz, but a "sharp" low-frequency attenuation rate of 
approximately 24 riB/octave below 2000 Hz (called the 
Sharp Low-Frequency Response, or SLFR). The frequen- 
cy responses of the three experimental hearing aids are 
presented in Figure 2. 
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FIGURE 2. Frequency response curves of the three experimental 
hearing aids, measured in a 2-cm 3 coupler with a 60-dB SPL 
input sweep tone, according to the ANSI (1982) standard, fir = 
fiat frequency response hearing aid: g]fr = gradual low-frequen- 
cy response hearing aid; slfr = sharp tow-frequency response 
hearing aid. 

GORDON-SALANT: Low-Frequency Amplification 485 

Stimuli 

A broad set of speech stimuli were selected for this. 
study. They consisted of 19 consonants paired with the 
vowel /a/ in a CV format. The consonants were Po,d,g, 
p,t,k,m,n,f,O,v,5,sj,z,j,l,r,w/. The 19 CV syllables were 
recorded by a male speaker of General American dialect. 
To enable control of the levels and presentation intervals 
of the stimuli, they were modified by computer adjust- 
ment as follows. The recorded CVs were digitized onto a 
PDP-12 laboratory computer (11.43-kHz rate) and adjust- 
ed in level so that their peak RMS levels, calculated in a 
20-ms time window, were equivalent. The digitized stim- 
uli were then randomized, converted to analog signals 
(11.43-kHz rate), low-pass filtered at 5000 Hz (48 dB/ 
octave attenuation rate), and recorded on analog tape. 
Five different test tapes were prepared. In each test tape 
were 190 items composed of 10 randomizations of the 19 
CV syllables. 

The 12-talker babble recorded in the SPIN test (Speech 
Perception in Noise--Kalikow, Stevens, & Elliot-t, 1977) 
was used as the background speech competition in this 
experiment. 

Apparatus and Calibration 

The stimuli and masker were recorded onto two sepa- 
rate channels of magnetic tape. During the experiment, 
they were played back on an Otari MX5050B tape record- 
er and routed separately to two Hewlett-Packard 350D 
attenuators. The stimuli and masker were then mixed 
(Coulbourn audio-mixer amplifier), amplified (Crown 
D150 amplifier), and presented to the subject via a single 
loudspeaker (JBL Model 4311). The loudspeaker was 
positioned 1.8 m from the subject's head,.at  the same 
height as the listener's ear, and at 0 ° azimuth. All testing 
was conducted in an IAC double-walled sound-insulated 
chamber. 

Calibration was conducted prior to each experimental 
session. The CV stimuli were calibrated so that the level 
of a peak-equivalent calibrating vowel,/a/ ,  produced 70 
dB SPL at the location of the listener's head. The overall 
level of the babble was calibrated to produce 64 dB SPL 
at this same location, to create a signal-to-noise ratio (S/N) 
of +6 dB. 

Procedures 

During the experiment, each experimental hearing aid 
was coupled to the subject's test ear by a custom-made 
shell earmold. This occluding earmold was used to con- 
trol for acoustic modifications of the amplified signal 
which can occur with different coupling schemes (Cox, 
1979). The test ear for each subject was the ear that 
usually received amplification. An EAR hearing protector 
was placed in the unaided ear during all testing. This 
plug provides approximately 30-35 dB of attenuation 
from 500 through 8000 Hz (Humes, 1983a). 
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Consonant identification was assessed while subjects 
wore each of the three hearing aids, in both quiet and a 
background of babble (+6 dB S/N). The order of listening 
conditions was randomized across subjects. Prior to lis- 
tening with each hearing aid, the volume control of the 
hearing aid was adjusted for each subject by a bracketing 
procedure, so that the level of speech spectrum noise 
presented at 70 dB SPL was comfortably loud. The gain 
developed by each hearing aid at the subject's comfort 
volume setting was assessed after each experimental 
condition was completed. Gain was measured across 
frequency in a 2-cm 3 coupler with a 60-dB SPL input 
sweep tone. 

For each experimental condition, the subject was re- 
qui red  to identify each CV syllable in a written, closed- 
choice response format. The order of stimulus presenta- 
tions was varied across experimental conditions. Prior to 
data collection, the subjects received practice in identify- 
ing the stimuli in quiet, when presented under earphones 
at a comfortably loud listening level. All testing was 
completed in two sessions of 45 min each. 

R E S U L T S  

A. Gain Measures 

The gain of each hearing aid was assessed after volume 
adjustment to determine if the two subject groups had 
different gain in the low and high frequencies. Figure 3 
presents the mean electroacoustic gain values. It is appar- 
ent that the gain of each hearing aid was similar for the 
two subject groups. Figure 3 also shows that the gain of 
the three hearing aids was substantially different in the 
low frequencies and approximately equivalent in the mid 
and high frequencies. Notably, the FFR hearing aid 
provided greater gain in the low frequencies and slightly 
less gain from 2000 Hz through 5000 Hz than the other 
two hearing aids. The GLFR and SLFR aids exhibited 
different gain values primarily below 1500 Hz. 

B. Condition Effects 

The individual raw scores, as well as the means and 
standard deviations for each subject group in each listen- 
ing condition, are presented in Table 1. To determine the 
effects of hearing aid condition and noise condition on 
nonsense syllable recognition, the raw scores of all sub- 
jects in each listening condition were subjected to an 
analysis of variance with one between-subjects factor 
(subject group) and two within-subjects factors (hearing 
aid and noise condition). The ANOVA results revealed a 
significant main effect of noise condition (F = 231.43, df 
= 1, p < .001), and this variable was not involved in any 
interactions. A significant Group x Hearing Aid interac- 
tion was also found (F = 6.58, df = 2, p < .005). A simple 
main effects analysis of this interaction showed that 
subjects with high-frequency losses performed signifi- 
cantly better than the subjects with fiat losses while 

5O 

~ 4C 
m 

30 

z zo 

~9 1o 

FLAT LOSS GROUP 

f f r  

I I t I I I . I ~  ~ .  
,I .2 5 I 2 5 I0 

FREQUENCY (kHz) 

50 

40 
On 

"0 5O 

Z 20 

~D I0 

HIGH TONE LOSS GROUP 

glfr 

o 

I I I I I I ~,, 
,I ,2 .5 I 2 5 I0 

FREQUENCY (kHz) 

FIGURE 3. Gain of the three experimental hearing aids, measured 
electroacoustically with a 60-dB SPL input sweep tone, afte~ 
comfort volume adjustment by subjects with fiat hearing losses 
(top) and subjects with high-frequency hearing losses (bottom). 

wearing the GLFR hearing aid (F = 4.45, df = 1, p < .05) 
and the SLFR hearing aid (F = 6.58, df = 1, p < .01). The 
analysis of this interaction also revealed a significant 
performance effect across hearing aid conditions for the 
high-frequency hearing loss group (F = 12.352, df = 2, I~ 
< .001), but no significant differences in performance 
with the three hearing aids for the flat configuraticm 
hearing loss group. Post hoc multiple comparison testing 
(Newman-Keuls) revealed that the subjects with high- 
frequency sensorineural hearing losses performed signifi- 
cantly better with the GLFR and SLFR hearing aids thai1 
with the FFR hearing aid. 

The results suggest that in quiet and noise conditions, 
the subjects with fiat hearing losses performed equally 
well with the three hearing aids, regardless whether ttl~ 
low frequencies were amplified (as in the FFR hearing 
aid), moderately attenuated (as in the GLFR hearing aid) 
or severely attenuated (as in the SLFR hearing aid), 
Conversely, subjects with high-frequency hearing losses 
did demonstrate significant performance differences ac= 
cording to the low-frequency amplification characteris- 
tics, with best performance obtained in conditions with 
some low-frequency attenuation. 

Subjects with high-frequency losses obtained signfli+ 
candy higher scores than subjects with fiat losses in th~ 
two hearing aid conditions with the greatest low-frequen- 
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TABLE 1. Nonsense syllable recognition scores from subjects with fiat hearing losses (Group I) and high-frequency losses (Group II), 
with the FFR hearing aid (fiat frequency response), GLFR hearing aid (gradual low-frequency response), and SLFR hearing aid (sharp 
low-frequency response) in quiet and noise. 

FFR, Quiet FFR, Noise GLFR, Quiet GLFR, Noise SLFR, Quiet SLFR, Noise 
Raw Raw Raw Raw Raw Raw 

Subject score % score % score % score % score % score % 

Group I 
1 117 65.0 75 41.67 85 47.2 62 34.4-4 46 25.56 58 32.22 
2 104 57.77 82 45,56 110 61.11 72 40.0 131 72.78 86 47.78 
3 110 61.11 64 35.56 94 52.22 83 46.11 95 52.78 66 36.67 
4 82 45.56 35 19.44 109 60.55 45 25.0 83 46.11 46 25.56 
5 131 72.78 95 52.78 115 63.89 102 56.67 126 70.0 68 37.78 
6 135 75.0 91 50.56 139 77.22 75 41.67 140 77.78 80 44.44 
7 128 71.11 90 50.0 111 61.67 69 38.33 121 67.22 97 53.89 
8 78 43.33 67 37.22 88 48.89 72 40.0 95 52.78 59 32.78 

11 106 58.89 73 40.56 130 72.22 83 46.11 134 74.44 86 47.78 
17 112 62.22 68 37.78 138 76.67 76 42.22 142 78.89 56 31.11 

110.3 60.98 74.0 41.11 119.9 62.16 73.9 41.06 111.3 61.83 70.2 39.0 
SD 19.2 10.56 17.4 9.73 19.4 10.77 14.8 8.22 30.9 17.15 16.3 9.1 

Group II 
9 135 75.0 60 33.33 132 73.33 83 46.11 111 61.67 75 41.67 

10 134 74.44 101 56.11 157 87.22 105 58.33 157 87.22 110 61.11 
i2 111 61.67 74 41.11 140 77.78 98 54.44 128 71.11 112 62.22 
13 81 45.0 25 13.89 115 63.89 55 30.56 111 61.67 63 35.0 
14 143 79.44 82 45.56 146 81.11 92 51.11 157 87.22 121 67.22 
15 118 65.56 75 41.67 132 73.33 97 53.89 129 71.67 99 55.0 
16 125 79.44 78 43.33 141 78.33 105 58.33 151 83.89 101 56.11 
~8 81 45.0 46 25.56 108 60.0 63 35.0 79 43.89 67 37.22 
19 102 56.67 65 36.11 119 66.11 82 45.56 135 75.0 77 42.78 
20 1 6 1  89.44 85 47.22 144 80.0 105 58.33 154 85.56 117 65.0 

119.1 66.17 69.1 38.39 133.4 74.11 88.5 49.17 131.2 72.89 94.2 52.33 
SD 26.0 14.46 21.5 11.93 15.4 8.53 18.0 9.86 25.4 14.12 21.7 12.07 

cY attenuation. This finding contrasts with previous re- 
ports of  better performance by subjects with flat losses 
than by subjects with high-frequency losses on a non- 
sense syllable test (Dubno,  Dirks, & Langhofer,  1982). 
The higher scores of  subjects with high-frequency losses 
in the current s tudy are attributed to the benefit that these 
listeners received from high-pass amplification. 

There  was substantial intersubject variability. An ex- 
amination of  individual scores in the fiat hearing loss 
group (Table 1) revealed that the performance of  6 of  10 
subjects was clearly bet ter  with one of the hearing aids. 
For 3 subjects, best  performance was with the SLFR 
hearing aid, for 2 subjects it was with the G L F R  hearing 
aid, and for the remaining subject it was with the FFR 
:hearing aid. One  subject obtained a recognition score 
with the FFR hearing aid that exceeded the scores 
obtained with the SLFR and G L F R  hearing aids by 40% 
and 18%, respectively. This subject had a moderately 
severe flat hearing loss (pure-tone average = 65 dB HL), 
and therefore required amplification of  the low frequen- 
Cies to receive low-frequency cues for consonant identifi- 
cation. The performance trends of  the other five subjects 
in this group did not appear  to be related to degree of  
hearing loss, subtle idiosyncracies in audiometric config- 
uration, or volume adjustment.  The  performance of two 

subjects in the high-frequency group deviated from the 
group's average performance of relatively poor scores in 
FFR conditions and equivalent  scores in G L F R  and 
SLFR conditions. One subject scored 14% better with the 
FFR hearing aid than with the SLFR hearing aid; the 
other subject scored 17% better with the G L F R  hearing 
aid than with the SLFR hearing aid. Both subjects had 
sharply sloping hearing losses above 1000 Hz and proba- 
bly required more amplification in the region between 
1000 and 2000 Hz than was provided by the SLFR 
hearing aid. 

C. P e r c e p t u a l  F e a t u r e  A n a l y s i s  

The results of  the ANOVA demonstrated group, hear- 
ing aid, and noise effects based on total performance 
scores. We were also interested in detailing how the 
different hearing aid contours affected percept ion Of the 
important consonant  features by the two subject groups in 
both quiet  and noise conditions. To accomplish this, 
confusion matrices were prepared separately for the two 
subject groups, in each of  the three hearing aid conditions 
and the two listening conditions. Twelve matrices result- 
ed, each represent ing 1,900 observations of  the subjects 

Downloaded From: http://jslhr.pubs.asha.org/ by a University of Maryland, College Park User  on 06/06/2014



488 Journal of Speech and Hearing Research 27 483-493 December 1984 

in one group. A high value in an off-diagonal cell of a 
confusion matrix indicates that the stimulus presented 
was misperceived by the subjects of a hearing loss group. 

The 12 matrices were submitted to the Individual 
Differences Scal ing (INDSCAL) algorithm of the 
ALSCAL-4 program (Young & Lewyckyj, 1979). The 
INDSCAL procedure has been thoroughly described by 
other investigators (Carroll & Chang, 1970; Danhauer & 
Singh, 1975; Walden & Montgomery, i975; Wish & 
Carroll, 1973). The INDSCAL algorithm used the data 
from the 12 pooled confusion matrices to create a spatial 
representation of the stimulus objects. This configuration 
depicts the "hidden structure" underlying all the .listen- 
ers' psychological judgments of the stimuli, in two or 
more dimensions: The dimensions are interpreted ac- 
cording to the consonant features Which best account for 
the arrangement of the stimuli. Thus,  the group stimulus 
space reflects the consonant feature dimensions that were 
used by all subjects in perceiving the stimuli. INDSCAL 
also constructed a condition space, which is plot of points 
representing the experimental conditions. The  fitted 
weights of the condition space indicate the importance of 
the various dimensions of the group stimulus space for 
each condition. The ALSCAL-4 program uses an itera- 
tive, alternating least squares procedure to determine the 
stimulus coordinates and condition weights which ac- 
count for the maximum possible variance in the data. 

Solutions were obtained in two through five dimen- 
sions, which were examined in two ways. First, the 
impol~ant features that were common in all conditions 
were identified from the group stimulus space. Second, 
the salience of these features to each subject group in 
each listening condition was determined from the condi- 
tion space. Thus, a description of how the two subject 
groups' perceptions of the stimuli varied in the different 
listening conditions can be deduced from these solutions. 

Stimulus Configuration 

The INDSCAL group stimulus space for the 12 "condi- 
tions" revealed readily interpretable dimensions for the 
four-dimensional solution. In addition, the solution in 
four dimensions accounted for greater amounts of vari- 
ance than solutions in fewer dimensions and approxi- 
mately the same amount of variance as the five-dimen- 
sional solution. This solution in four dimensions account- 
ed for 66.2% of the variance in the subjects' proximities 
data, indicating that the solution fit the data reasonably 
well. 

The four-dimensional stimulus configuration is depict- 
ed in Figure 4. This configuration represents the percep- 
tual weightings of the stimuli that were common to all 
listening conditions for both groups of subjects. 

The stimuli may be interpreted as representing three 
clusters on Dimension 1 (D1): the fricatives/O,f,v,6/, the 
plosives and sibilants /b,d,g,p,t,k,z,r,s,f/, and the nasals 
and glides /w,i,m,n,j/. Thus, D1 primarily distinguishes 
different manner classes of articulation. D2 displays the~ 
stimuli/m,n,p,t,b,f,w,v,l,r,0/near the top of the space and 
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FIGURE 4. Group stimulus configuration in four dimensions, 
which is common to all subjects in all listening conditions. D1 = 
manner, D2 = place, D3 = voicing, D4 = sibilance. 

the stimuli/s,f,d,5,z,k,g,j/near the bottom of the space~ 
The most obvious characteristic of this pattern is that th~ 
members of each manner class are ordered according t0 
place of articulation. Specifically, the front-place c0ns~i,~ 
nants of each class appear closer to the top of the spa6~,. 
than the mid or back-place consonants. D2 is therefor~ 
labeled as place, The arrangement of stimuli on D~ 
demonstrates that the voiced stimuli /r,v,b,l,6,w,z,m,n~ii 
d,g/ are separated from the voiceless stimuli /p,t,k,0;~ 
f,I/. The distinguishing feature for this stimulus patte~ 
clearly is voicing, which is the label assigned for D3, 
Finally, D4 displays a stimulus configuration in which' 
the stimuli/f,s/are separated from the other phonemesi Ii 
appears that the sibilance characteristics anaong these 
phonemes can aeeount for this stimulus pattern. 

The dimensions retrieved by INDSCAL are similar to 
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those reported by other investigators. Doyle, Danhauer, 
and Edgerton (1981) used SINDSCAL (a version of 
INDSCAL) to analyze normal and hearing-impaired lis- 
teners' consonant confusions on a nonsense syllable task. 
Three dimensions were interpreted from performance on 
each of two lists: voicing, place, and sibilance (List A); 
and voicing, place, and frication (List Bi. That a manner 
dimension was not observed may be attributed to the 
limited stimulus items included in each list (Doyle et all, 
I981). INDSCAL also has been applied to hearing-im- 
paired listeners' similarity judgments (Danhauer & 
Lawarre, 1979; Danhauer & Singh, 1975; Walden & 
Montgomery, •1975). Dimensions of importance identified 
in these studies correspond with dimensions retrieved in 
the present study, despite differences in listening taskl 
Walden and Montgomery labeled the four dimensions in 
their solution as sibilance, stop (ordered according to 
place), sonorance, and manner of production. Hearing- 
impaired l isteners used the features sibilancy, place, 
voicing, plosive, and stop/continuant in a study by Dan- 
hauer and Singh (1975). Perceptual features of consonants 
employed by hearing-impaired listeners appear to be 
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consistent, regardless of task, amplification, and noise 
Condition's. 

Condition Space 

The output of INDSCAL provides a plot of the relative 
weightings of each dimension in the various listening 
conditions. These weights indicate the importance of 
each consonant feature dimension to each group of sub- 
jects when identifying the stimuli in the different listen- 
ing conditions. Statistically, the condition weights reflect 
the proportion of variance in the pooled (condition) 
matrix which can be accounted for by that dimension. 
Figure 5 presents the derived condition weights. The 
effect of hearing aid, listener group, and environmental 
condition, • relative to the stimulus dimensions, can be 
discerned from these data. However, it should be noted 
that numerical differences in these weights do not neces- 
sarily imply statistical differences. 

Overall, the condition weights indicate that subjects 
with high-frequency losses used manner, voicing, and 
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FIGURE 5. Weights for dimensions 1,4 of the group space, obtained by each subject group in quiet and noise in 
the three hearing aid conditions. The weights indicate the importance of each dimension to the two subject 
groups for each condition. Filled bar = subjects with high-frequency losses; open bar = subjects with fiat 
hearing losses, fir = flat frequency response hearing aid; glfr = gradual low-frequency response hearing aid; 
slfr = sharp low-frequency response hearing aid. 
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place cues more extensively than subjects with fiat losses, 
and subjects with flat losses used sibilance cues more 
extensively than subjects with high-frequency losses. 
Each dimension had numerically larger weights in noise 
conditions than in quiet conditions, reflecting the greater 
variance among stimulus confusions in noise. The various 
features were perceived differentially by the two subject 
groups while wearing the different hearing aids, suggest- 
ing that low-frequency amplification plays an important 
role in perception of different phonetic features• 

The weights for D1 reveal that subjects with high- 
frequency sensorineural losses used manner cues more 
extensively than subjects with fiat losses. Further, the 
manner feature was more salient in noise conditions than 
quiet conditions for each subject group• Perception of 
manner was most prominent for listeners with high- 
frequency losses when using hearing aids with moderate 
or severe low-frequency reduction. Subjects with fiat 
hearing losses used manner cues most extensively when 
wearing the FFR hearing aid. For each group, weights on 
D1 were lowest in the quiet condition with the SLFR 

• hearing aid. 
The place dimension (D2) is also more salient in noise 

conditions than in quiet conditions. In noise, place cues 
are used more by subjects with high-frequency sensori- 
neural losses than by subjects with fiat losses. However, 
in quiet, subjects with fiat losses either exhibit higher or 
equivalent weights compared to subjects with high-fre- 
quency losses. Interestingly, the place dimension was 
most salient for both groups in noise while wearing the 
hearing aids that reduced low-frequency amplification 
(GLFR and SLFR) but least salient in quiet while wear- 
ing the SLFR hearing aid. 

The voicing dimension (D3) contributed more to iden- 
tification of the stimuli by subjects with high-frequency 
losses than by subjects with fiat losses. Voicing was 
apparently more salient in noise than in quiet for listeners 
with high-frequency losses, but was more salient in quiet 
than in noise for listeners with flat losses. The weights of 
the three hearing aid conditions presented in noise are 
clearly different for the two groups of subjects on this 
dimension. Subjects with high-frequency losses used 
voicing cues most extensively while wearing hearing aids 
with low-frequency reduction (SLFR and GLFR); sub- 

jects  with fiat hearing losses used voicing cues most 
prominently with hearing aids that have low-frequency 
amplification (FFR and GLFR). This dimension contrib- 
uted least to the identification responses of the fiat 
hearing loss subjects in noise while wearing the SLFR 
hearing aid. 

The fourth dimension, sibilance, was most salient for 
subjects with fiat hearing losses while wearing the SLFR 
and GLFR hearing aids. It was least salient for subjects 
with high-frequency losses listening in quiet conditions. 
However, these same subjects did use sibilance cues to 
some extent while wearing the SLFR hearing aid in 
noise. These results suggest that the perceptual salience 
of sibilance was less for subjects with high-frequency 
losses than for subjects with fiat losses. The finding that 
sibilance contributes little to perceptual judgments by 

subjects with high-frequency losses is consistent with the 
results of other studies assessing speech perception by 
listeners with different audiometric configurations (Wal- 
den & Montgomery, 1975). 

D. Consonant Recognition 

To examine further the effects of varying the amount of 
low-frequency amplification on consonant recognition, a 
percentage correct score for each of the 19 consonants 
was calculated. These individual phoneme recognition 
scores were obtained by summing the individual conso- 
nant scores from the 10 subjects in each hearing loss 
group for each condition. Each score represents the 
frequency of correct identifications for 100 observations 
of the stimulus phoneme. These scores are presented in 
Tables 2 and 3. 

Table 2 displays the consonant recognition scores ob- 
tained from listeners with flat audiometric contours. In 
quiet, these subjects achieved higher scores while wear- 
ing the FFR hearing aid than while wearing the GLFR o r  

SLFR aids for the front-place phonemes/b,p,v,w/and/1/ .  
However, recognition of the mid and back-place pho- 
nemes /g,t ,k,n/was lower with this same hearing aid 
compared to scores obtained with the other aids. Identifi- 
cation scores for most phonemes were similar when these 
subjects wore the GLFR and SLFR hearing aids, with the 
exception of the consonants/b,z,f,r/. Large differences in 
scores (greater than 20%) are observed across at least two 
hearing aid condition s for the stop consonants/b,g,t,n/and 
the glide/1/. These data confirm that individual consonant 
identification scores can change dramatically as low- 
frequency amplification contours are manipulated. This 
effect was not reflected in the total percent correct recog- 
nition scores• 

In noise, subjects with fiat losses obtained similar 
consonant recognition scores while wearing the three 
different hearing aids for most phonemes (Table 2). Mod- 
erate score differences (>10%) are observed for several 
consonants, indicating that the FFR hearing aid was 
useful for perception of the glides/w, 1/, the SLFR hearing 
aid was useful for perception of the voiced plosive/d/, and 
the GLFR hearing aid improved identification of the 
consonants/p,z/ 

Consonant recognition scores of subjects with high- 
frequency hearing losses are shown in Table 3. Large 
differences in scores obtained with the three hearing aids 
in quiet (->20%) are seen for the phonemes/g,t,n,JT. Scores 
for these phonemes were consistently poorest when sub- 
jects with high-frequency losses wore the FFR hearing 
aid. However, only small differences among scores for 
these phonemes, with the exception of/t/, are seen with 
the GLFR and SLFR hearing aids. 

Recognition performances of subjects with high-fre- 
quency losses, listening in noise, are also shown in Table 
3. The data indicate considerable differences in recogni- 
tion of specific phonemes, especially/d,g,m,n,f,j,1/across 
the three hearing aid conditions. Recognition of these 
consonants was consistently poorest while the subjects 
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TABLE 2. Mean % correct recognition scores of individual consonant phonemes obtained by subjects with flat hearing 
losses in quiet and noise, across the three hearing aid conditions. Phonemes whose scores exceed a 20% difference among 
at least two hearing aid conditions are underscored. FFR = fiat f)equency response, GLFR = gradual low-frequency 
response, SLFR = sharp low-frequency response. 

Quiet condition Noise condition 
Phoneme Hearing aid Phoneme Hearing aid 

FFR GLFB SLFB FFR GLFB SLFtl 

h 85 49 61 b 40 32 32 
d 85 88 81 d 77 79 92 

43 74 71 g 18 29 26 
p 78 65 62 p 24 40 22 
! 21 48 50 t 5 11 13 
k 33 42 51 k 19 12 11 
m 93 85 83 m 62 66 57 

6 33 40 n 19 18 28 
s 43 33 33 s 33 34 24 
z 42 44 60 z 23 27 14 
f 100 99 100 f 90 97 95 
f 92 98 86 f 67 57 57 
v 38 21 23 v 12 11 1I 
0 8 6 6 0 8 13 10 

17 21 17 ~ 8 4 8 
w 62 58 50 w 42 31 32 
j 99 99 98 j 80 81 86 
r 72 75 64 r 47 43 43 
! 93 79 69 1 61 53 42 

with high-frequency hearing losses wore the FFR hear- 
ing aid. The SLFR and GLFR hearing aids yielded 
similar recognition performance for most of the consonant 
phonemes, with the exceptions of/r/, Iv~, and/p/. These 
consonants were identified with highest accuracy when 
these subjects wore the SLFR hearing aid. It is apparent 
that overall performance by subjects with high-frequency 
hearing losses is best with hearing aids with some low- 
frequency reduction, which is due to large part to im- 
provements in identification of voiced stops and glides. 

D I S C U S S I O N  

The results of this study have shown that incorporating 
low-frequency amplification in extended high-frequency 
emphasis hearing aids differentially affects speech per- 
ception performance by hearing-impaired listeners with 
different audiometric configurations. Although no signifi- 
cant differences in overall recognition performance were 
found for listeners with flat hearing losses across the 
different hearing aid contours,  a feature analysis 
(INDSCAL) revealed that two of the features perceived 
by all listeners were most salient to listeners with flat 
losses when using hearing aids with some low-frequency 
amplification. Further, an examination of specific pho- 
neme recognition scores obtained from these listeners 
indicated that identification of difficult-to-perceive con- 
sonants was often better with the hearing aid providing 
the most low-frequency amplification. For subjects with 
high-frequency sensorineural hearing losses, overall rec- 
ognition scores were significantly better with the high- 
pass hearing aids than with the wide-band hearing aid. 

These results were confirmed by the feature analysis, in 
which it was shown that all four dimensions had the 
highest numerical weights in noise with hearing aids that 
attenuated the low frequencies. These subjects also 
showed poorest identification of consonant phonemes 
that had large score differences across the three hearing 
aids while wearing the FFR aid. For those few phonemes 
that were identified with different accuracy while sub- 
jects wore the two high-pass hearing aids, performance 
was usually higher with the aid that most severely limited 
low-frequency amplification. 

The major conclusions of this experiment generally 
support those of previous investigations. Specifically, the 
finding that reduction of low-frequency amplification 
improves speech recognition performance by listeners 
with high-frequency sensorineural hearing losses also has 
been reported by Kamm et al. (1982), Pascoe (1975), 
Schwartz et al. (1979), and Skinner (1980), using different 
experimental paradigms. One surprising result of the 
present investigation, which is contrary to these earlier 
reports, was that recognition seores varied significantly 
across different hearing aid contours in quiet as well as in 
noisy listening environments. We attribute this occur- 
rence to the stinmlus materials used in the experiment, 
because large differences in consonant identification 
scores were observed across hearing aid contours for 
phonemes that were not typically represented in the 
materials of other investigators. 

That hearing-impaired listeners with flat hearing losses 
did not demonstrate significant changes in gross perform- 
ance as low-frequency amplification was manipulated is 
in agreement with the results of a recent study by Kamm 
et al. (1982), in which the NST was presented. However, 
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TABLE 3. Mean % correct recognition scores of individual consonant phonemes, obtained by subjects with high-frequency 
hearing losses in quiet and noise, across the three hearing aid conditions. Phonemes whose scores exceed a 20% difference 
among at least two hearing aid conditions are underscored. FFR = flat frequency response, GLFR = gradual low-frequency 
response, SLFR = sharp low-frequency response. 

Quiet condition Noise condition 
Phoneme Hearing aid Phoneme Hearing aid 

FFR GLFR SLFR FFR GLFR SLFR 

b 78 72 64 b 31 29 32 
d 74 78 84 d 46 70 62 
g 62 82 87 g 9 26 36 

60 70 64 p 48 44 59 
22 63 45 t 6 16 12 

k 94 79 80 k 34 28 25 
m 100 98 100 m 68 88 90 

16 50 49 a 22 46 44 
s 46 52 39 s 39 43 38 
z 64 65 73 z 30 32 38 

71 93 90 i 37 88 90 
f 88 87 84 f 65 71 65 
v 25 31 32 v 23 14 26 
0 13 22 24 0 5 14 22 
6 44 45 56 6 16 28 29 
w 56 59 48 w 33 38 37 
j 92 100 99 ~ 67 89 84 
r 92 86 95 r 40 28 43 
1 93 92 99 ! 72 91 92 

when the SSI was presented in that same study, subjects 
with fiat hearing losses performed best with the amplifi- 
cation contour that included the most low-frequency 
enhancement. This result was also supported by our data, 
when they were analyzed according to feature perception 
and individual consonant recognition. We contend that 
hearing-impaired listeners with fiat losses can benefit by 
low-frequency amplification for consonant perception 
without severe deleterious effects. This conclusion con- 
flicts somewhat with Harford and Fox's (1978) tentative 
assertion that extra high-frequency amplification in con- 
junction with reduction of low-frequency amplification is 
advantageous for listeners with flat hearing losses. How- 
ever, unlike the present investigation, Harford and Fox 
did not directly investigate the effects of reducing low- 
frequency amplification while maintaining the favorable 
high-frequency amplification contour. In other words, the 
positive effects reported by Harford and Fox could have 
been attributed more to the extended high-frequency 
emphasis than to the low-frequency reduction. 

The patterns of feature weights also reflect subtle 
perceptual differences between the two groups of listen- 
ers while wearing the different hearing aids. Subjects 
with high-frequency hearing losses perceived all four 
features in noise more extensively with hearing aids 
having low-frequency reduction than with the FFR hear- 
ing aid. Presumably, amplification of the low frequencies 
was extraneous for perception of features cued by high- 
frequency information, such as sibilance, place, and man- 
ner. For voicing, a feature distinguished primarily by 
low-frequency content, listeners with high-frequency 
losses probably received the information without addi- 
tional low-frequency amplification because of their nor- 
mal thresholds in the low frequencies. For all four lea- 

tures, then, the addition of low-frequency amplification 
reduced perceptual salience, and therefore may have 
caused upward spread of masking. In addition, the slight 
reduction in high-frequency gain developed by the FFR 
hearing aid may have served further to reduce the avail; 
ability of high-frequency cues. Subjects with fiat hearing ~ 
losses perceived the place and sibilance features more 
extensively while wearing the GLFR and SLFR hearia~ 
aids than the FFR hearing aid. Again, amplification of the 
low frequencies may have served to reduce detection of 
the relevant high-frequency information inherent in 
these features. However, the fiat hearing loss subjects 
used the manner and voicing cues most extensively whil~ 
wearing the FFR hearing aid. Amplification of the 10~ 
frequencies was therefore necessary for these subjects to 
perceive low-frequency voicing cues and to receive the 
low-frequency cues that contribute to distinguishing the 
various manners of articulation. 

In conclusion, the results of this investigation suggest 
that listeners with fiat hearing losses do benefit by 
amplification of the low frequencies, when incorporated 
into an extended high-frequency amplification contour. 
Conversely, extensive amplification of the low frequen- 
cies is not warranted for subjects with selective high- 
frequency losses. Evaluation of performance by feature 
analysis or consonant recognition analysis provided more 
detailed information about the subtle effects of hearing 
aid-hearing loss interactions than did an examination of 
total percent correct recognition scores. 
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