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ABSTRACT 

An experimental protocol for the prescriptive f i t t ing of a 
wearable master hearing aid was evaluated. The protocol con- 
sisted of four stages: (i) acquisition of baseline audiometric 
data, (ii) fixed test battery using speech-in-noise as the test ma- 
terial, (iii) adaptive adjustments, and (iv) evaluative compara- 
tive data. The results showed.that systematic improvements in 
hearing-aid performance were obtained as a result of using the 
experimental protocol and that the largest improvements were 
obtained during the fixed-test-battery stage. The protocol in  its 
present form is not clinically practical for most situations. 

INTRODUCTION 

An experimental protocol for the prescriptive f i t t ing of a 
wearable master hearing aid (WMHA) has been developed and 
evaluated at the Communications Sciences Laboratory of the 
City University of New York. Although the protocol was applied 
specifically to  the WMHA, the results of the evaluation of the 
protocol have implications for other sensory aids. 

An assumption basic to the protocol design is that there ex- 
ists an optimum setting for the device which wil l  yield maxi- 
mum performance. In this case, the device is the WMHA and 
the performance evaluated was the speech perception ability of 
hearing-impaired subjects. The present paper describes the fi- 
nal version of the protocol and the results of an evaluation of 
the protocol as applied to the WMHA. 

DESCRIPTION OF THE PROTOCOL 

In the final version of the protocol, "settings" which were 
manipulated were related to these frequency-gain characteris- 
tics of the hearing aid: 

1. lower cutoff frequency, and 
2. the slope of the gain function between the lower cutoff fre- 

quency the higher cutoff frequency. 
In two earlier versions of the protocol, manipulations of higher 

cutoff frequency and of output-limiting characteristics were also 
carried out. Those two parameters were found to have less-sig- 
nificant effects on performance than lower cutoff frequency and 
slope; therefore, in the final version, only the latter factors were 
varied. 

The protocol consisted of four stages of testing: 
Stage I: Basic Audiometric Testing 
Stage II: Fixed Test Battery 
Stage Ill: Adaptive Sessions 
Stage IV: Comparative Measurements 
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Basic audiometric testing during the initial stage 
included routine pure-tone, speech-reception, and 
speech-perception testing. Maximum comfort lev- 
els (MCL) and loudness discomfort levels (LDL) for 
one-third-octave bands of noise were determined. 
The latter two measures were used to set gain and 
maximum power output (MPO) on the WMHA for 
each subject. Impressions for custom earmolds 
were also made during the first sessions of this 
stage of the protocol. 

Fixed Test Battery 

The Fixed Test Battery involved testing of speech 
perception wi th predetermined settings of the 
WMHA. The setting which provided the highest 
score during this stage of testing was used as a 
starting point for the Adaptive Sessions. The Fixed 
Test Battery consisted of a statistically powerful 
factorial design with two levels of lower cutoff fre- 
quency (100 Hz and 500 Hz) and three levels of 
slope (0 dBloctave, +6 dBloctave, and +I2 dBloc- 
tave). The results of the first two versions of the 
protocol were considered in  selection of slope and 
cutoff frequency values used in  the third (and fi- 
nal) version. Higher cutoff frequency was main- 
tained at 4500 Hz in the final version. 

Adaptive Sessions 

The third stage of the protocol consisted of 
adaptive testing. A modification of the Simplical 
procedure (Box, 1957) was utilized. Lower cutoff 
frequencies of 100 Hz, 200 Hz, 500 Hz and 800 Hz 
were used in combination with slopes of -6 dB/ 
octave, -3 dBloctave, 0 dBIoctave, +3  dB/octave, 
+6 dBloctave, +9 dBloctave, and +I2 dBloctave. 
This adaptive procedure involved exploring a sur- 
face (defined by slope value and loyer  cutoff fre- 
quency) for a peak in speech perception perform- 
ance. The exp lo ra t i on  was car r ied  o u t  b y  
continually moving away from the setting yielding 
the lowest of three triangulated scores. (A descrip- 
tion of the application of this procedure to hear- 
ing-aid evaluation may be found in Levitt, 1978.) 
During each of the six Adaptive Sessions, six to 
nine measurements were taken. The estimated op- 
timum for each session was defined as the setting 
yielding in  the highest score during the session. 

Fixed Test Battery Materials 

The test material used during the Fixed Test Bat- 
tery and the Adaptive Sessions was the Nonsense 
Syllable Test (NST). This test was developed spe- 
cifically to meet certain requirements such as low 

test-retest variability and minimal learning effects. 
Test items were designed to maximally differen- 
tiate between hearing-aid settings. The test em- 
ploys stimuli which are of the vowel-consonant 
(VC) and consonant-vowel (CV) types, and re- 
sponses are selected from a closed set. (See Levitt 
and Resnick, 1978, for a description of the test and 
its development, and Dubno and Dirks, 1980, for 
an experimental assessment of its reliability char- 
acteristics.) 

In all instances, the speech materials were pre- 
sented in the sound field at 70 dB SPL. The subject 
adjusted the gain control of the hearing aid for 
maximum comfort of the test stimuli immediately 
prior to each test. During the Fixed Test Battery 
and the Adaptive Sessions, the materials were 
presented against a background of equalized caf- 
eteria noise at a 20-dB signal-to-noise ratio. (Other 
signal-to-noise ratios were used in  the Compari- 
son Measurements, but the data presented in this 
paper wil l  be limited to those obtained with the 
20-dB signal-to-noise ratio.) 

At the end of the adaptive stage, the final esti- 
mate of the optimum was derived using the data 
from all of the Adaptive Sessions. This setting was 
used during the final stage of the protocol (Com- 
parative Measurements), which served primarily 
to evaluate the success of the experimental fitting 
procedure. Specifically, the subjects' performance 
with the WMHA (at the final estimated optimum 
setting) was compared to performance with the 
subjects' own aids. Performance was evaluated 
with the NST; the Pascoe High Frequency Word 
List (Pascoe, 1975); the Central Institute for the 
Deaf (CID) W-22 word test (Hirsh et al, 1952); and 
the CID sentences of everyday speech, also known 
as the CHABA sentences (Silverman and Hirsh, 
1955).c 

Aided thresholds for one-third-octave bands of 
noise were determined with both the WMHA and 
with the subjects' own aids. Unaided thresholds 
for the noise bands were also obtained, so that 
functional gain could be computed for both the 
WMHA and the subjectsf own aids. Additionally, 
testing was done with the CHABA sentences at 
settings one step removed in all directions from 
the estimated optimum slope and lower cut-off 
frequency. 

SUBJECTS 
Subjects who participated in  the study were 

'The results presented in the present paper wil l  b s  limited to 
results obtained with the NST. For results obtained with other 
materials, see Levitt and Collins (1980). 
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who were experienced hearing-aid users. 
Experienced users were desirable so that adjust- 
ment to amplification would not be a factor during 

I 
testing. Satisfied hearing-aid users were selected 
so that comparisons mould be made to satisfac- 
tory fittings rather than to inappropriate fittings. 
,411 subjects had measurable speech perception, 
and English was their first language. The latter cri- 
teria were used for subject selection in  order to  
avoid biases in  speech perception testing. 

Although sensorineural hearing losses predom- 
inated, some subjects exhibited conductive com- 
ponents. The degree of hearing loss varied from 
mild to profound, with a variety of contours of 
loss. The group might be described as represent- 
ative of the spectrum of types and degrees of 
hearing loss encountered in  a clinic. 

A total of 27 subjects participated in the study. 
The first 10 subjects were run on the early ver- 
sions of the p r o t ~ c o l . ~  Of the 17 subjects run on 
the final version of the protocol, 1 completed only 
3 sessions of the adaptive testing rather than the 
6 completed by the other 16 subjects. CV

 

The first step in  the evaluation of the protocol 
was to determine whether, in fact, a "good" esti- 
mate had been made of the theoretical optimum. 
This was done in part by comparing performance 
with the estimated optimum setting to perform- 
ance with the subject's own hearing aid. Figure 1, 
showing NST scores obtained with the WMHA at 
estimated optimum setting plotted against NST 
scores obtained with the subject's own aid, illus- 
trates that in  almost all cases, performance with 
the WMHA was superior. (Data points falling above 
the diagonal indicate superior performance with 
the WMHA, data points falling along the diagonal 
indicate equal performance, and data points fall- 
ing below the diagonal indicate inferior perform- 
ance with the WMHA.) Since the subjects were sat- 
isfied users, any improvement seen in  Figure 1 
takes on additional significance. Note also the rel- 
atively large improvements obtained for subjects 
who had scores lower than 60 percent with their 
own aids. 

The next step in the process of evaluating the 
protocol was to determine which aspects of the 
protocol were most efficient and effective. The 

d~rel iminary data from a pilot study are reported in Levitt, H., 
Methods for the evaluation of hearing aids. In: "Sensori- 
neural hearing impairment and hearing aids." (C. Ludvigsen 
and J. Barfod, eds.) Scand. Audiol., Suppl. 6, 199-240, 1978. 

Own aid NST Scores (Percent Correct) 

FIGURE 1. 
Comparison of performance as measured by the NST at the 
estimated optimum setting of the WMHA and the subject's 
own aid. 

stages to be evaluated were the Fixed Test Battery 
and the six Adaptive Sessions. The NST scores ob- 
tained at successive estimates of the optimum set- 
ting would be expected to reveal the degree of 
proximity to  the hypothesized optimum and to 
provide an indication of the rate of progress to- 
ward optimum performance. The successive esti- 
mates are obtained at the end of the Fixed Test 
Battery and at the end of each Adaptive Session. 
Figure 2 shows the average NST scores at the es- 
timated optimum settings at the end of the Fixed 
Test Battery, at the end of each Adaptive Session, 
and during the final stage of the protocol. The 
data point on the far left is for the subject's own 
aid and was also obtained during the final stage of 
the protocol. As can readily be seen from this 
graph, the greatest improvement in performance 
is obtained during the Fixed Test Battery, although 
additional small gains are observed during the 
Adaptive Sessions. (Statistical analyses were per- 
formed on the repeated measurements with given 
settings to rule out learning effects as the source 
of the improvement over time.) 

Having determined that the Fixed Test Battery 
was of major significance-but that, on the aver- 
age, additional improvements in performance were 
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OWN FIXED 1 2 3 4 5 6 FINAL 
AID 

Stage o.f Protocol 

FIGURE 2. 
Mean performance at selected stages of the protocol. Going 
from left to right, the first point is the score obtained for the 
subject's own aid. The second point shows the score at the in- 
titial estimate of the optimum setting of the WMHA as ob- 
tained from the Fixed Test Battery. The six succeeding points 
show the scores at each successive estimate of the optimum 
setting as obtained during the Adaptive Sessions. The last 
point shows the score obtained at the final estimate of the op- 
timum setting as measured during the Final Comparative Mea- 
surements Stage. (Data points represent averages across all 
subjects.) 

observed during the Adaptive Sessions-it was 
considered important to further evaluate each step 
in the protocol in terms of approximation of the 
estimated optimum setting. How similar would the 
estimated optimum setting have been i f  testing 
had been terminated earlier? Was the estimate ob- 
tained during the Fixed Test Battery andlor the 
early Adaptive Sessions the same as the final 
estimate? 

As the data were analyzed to answer these ques- 
tions, subjects divided naturally into two cate- 
gories: 

1. those whose final estimated optimum was in- 
cluded in the Fixed Test Battery, and 

2. those whose final estimated optimum was 
not included. 

Figure 3 illustrates how much more rapidly the 
former group of subjects converged on the final 
estimated opt imum setting than d id the latter 
group. (Data are shown for 16 subjects only, since 
one subject completed only 3 Adaptive Sessions.) 

FIXED 1 2 3 4 5 6 

Stage of Protocol 

FIGURE 3. 
Cumulative numbers of subjects reaching final estimated op- 
t imum setting during the Fixed Test Battery (Stage II) and each 
Adaptive Session (Stage Ill). The solid line is for subjects 
whose final estimated optimum setting happened to be one of 
the settings in the Fixed Test Battery; the dashed line is for the 
remaining subjects. (One subject completed only three of the 
six Adaptive Sessions: consequently her data are not shown 
in this diagram.) 

The solid line (for subjects whose final estimated 
optimum setting was included in the Fixed Test 
Battery) shows steady progress throughout the 
protocol. The dashed line (for subjects whose final 
estimated optimum setting was not included in the 
Fixed Test Battery) indicates that even at the end 
of the fourth Adaptive Session, less than half of 
those subjects had converged on the final esti- 
mate. Thus, the major contribution of the lengthy 
adaptive procedure was to counteract effects of a 
less-than-ideal selection of settings for the Fixed 
Test Battery on an individual basis. In this regard, 
the importance of a good initial estimate of the 
optimum setting cannot be over-emphasized. In- 
dividualized adaptive procedures can get around 
the problem of a poor initial estimate, but at the 
expense of valuable testing time. Procedures for 
improving the quality of this initial estimate (using 
individually determined psychoacoustic data) are 
currently being investigated. 

Further support for the notion of the need for in- 
dividualized frequency-selective amplification is 
derived from the distribution of final estimated 
settings of the WMHA which were found to be 
"optimum". Figure 4, a grid showing each sub- 
ject's NST score obtained with the WMHA at the 
estimated optimum setting, and the frequency-gain 
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FIGURE 4. 
Estimated Optimum Settings and 
associated scores on the NST. For 
each subject tested under the final 
version of the experimental proto- 
col, the NST score obtained during 
the Comparative Measurements 
Stage is shown in the cell of the 
grid corresponding to that subject's 
final estimated optimum setting. The 
Comparative Measurements were 
obtained after the Adaptive Ses- 
sions. (The subject who did not 
complete the Adaptive Stages did 
return and complete the Compara- 
tive Measurements.) 

Estimated Optimum Slope in dB/Octave 

- 3 0 +3 +6 +9 + I 2  

characteristics of this setting (optimum lower cut- 
off frequency by optimum slope), shows the range 
and variety of settings selected as optimum. It 
should also be noted that for 3 of the subjects the 
estimated opt imum slope of the frequency re- 
sponse was 12 dbloctave. This was the highest 
setting of slope available on the WMHA. It is pos- 
sible that the optimum setting for these subjects 
may have involved slopes steeper than 12 dBloc- 
tave-that is, had higher slope settings been avail- 
able on the instrument, several of the subjects 
might have shown even greater improvement. 

We recognize that the experimental protocol in 
its present form is not clinically practical for most 
situations. It appears that the most efficient stage 
of the protocol is the Fixed Test Battery, in that the 
greatest improvement is achieved in the least time. 

It appears to be reasonable to state that in order 
to make the protocol clinically feasible, it is nec- 
essary to be able to select, on an individual basis, 
the settings which are most likely to be similar to 
the final estimated optimum for inclusion in the 
Fixed Test Battery. In order to  do this a priori, 
rules for selection on the basis of audiometric and1 
or psychoacoustic data may be determined. A va- 

riety of rules have been previously proposed and 
used with varying degrees of success: mirroring 
the audiogram, paralleling the MCL, paralleling 
the LDL and bisecting the dynamic range, to  name 
a few. If the protocol were to be applied to other 
sensory aids, rules could similarly be established 
which would be appropriate to the modality being 
"aided" and the performance measurements avail- 
able. 

In summary, we would recommend the retention 
of all stages of the experimental protocol, but with 
certain modifications. The initial stage of Basic Au- 
diometrics is needed. It should included testing to 
determine settings, for each individual, to  be in- 
cluded in the Fixed Test Battery. For example, i f  
one were to place the speech spectrum just below 
the LDL curve (Hertzano, Levitt, and Slosberg 1978), 
LDL measurements would be made during the first 
stage of the protocol. Then, the Fixed Test Battery, 
taking the form of a 3x3 factorial design, would 
have the LDL-shaped gain function in the central 
cell with variations of that curve (steeper and less 
steep slopes) contained within the other cells of 
the experimental design. 

If performance is considered to be satisfactory 
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and near optimum at the end of the Fixed Test 
Battery for a given subject, the Adaptive Sessions 
can be eliminated. However, i f  the settings in the 
Fixed Test Battery do not lead to satisfactory per- 
fomance with amplification, an additional single 
session of adaptive testing would result in an im- 
proved estimate of the optimum setting. The Final 
Stage can be modified to include testing with var- 
ious other materials than those used during the 
Fixed Test Battery, in order to verify the final se- 
lection. (Testing can also be done at this time to 
compare performance with the commercial aid to 
be fitted to that obtained with the master hearing 
aid.) 

It should also be pointed out that the application 
of the original protocol or its suggested revised 
form is not dependent on the performance mea- 
sure utilized. Any performance measure which fits 
the criteria of low test-retest variability and mini- 
mal learning can be used. For example, rank- 
ordered judgements of clarity could be used in 
place of a speech discrimination score. Similarly, 
even though in the present study lower cutoff fre- 
quency and slope were the indepenent variables, 
the protocol could be extended to include different 
or additional variables such as peak frequency, 
bandwidth, ripple in  the frequency response, or 
any other index of hearing-aid performance. 
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