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Two methods used to assess changes in speech recognition performance for in-
dividual subjects are the binomial distribution (BD) tables of Thornton and Raf-
fin (1978) and single-case design. The present study was designed to determine
if data analyzed using both approaches would result in different outcomes. The
speech recognition ability of 20 adults with hearing loss was evaluated in a
rapidly-alternating treatments design under 2 conditions: with a frequency re-
sponse approximating gain as recommended by the Revised National Acoustics
Laboratory (NAL) procedure, and 1 using 6-dB less gain in the low frequencies
and 3-dB more gain in the high frequencies. Results revealed that the informa-
tion obtained during the single-case analysis did not change the outcome as com-
pared with the binomial model when both analyses were performed using 100-
word lists. Using the BD with 25-word and 50-word lists, however, did result
in different outcomes. The findings should be treated as preliminary and repli-
cated in the context of a more powerful independent variable.

With rising concern over health care costs, professionals providing hearing ser-
vices must acknowledge the demand for accountability regarding the value of ex-
pensive circuitry in hearing aids. Successful clinical service delivery requires the
development of methods to assess performance characteristics of circuitry de-
signed to achieve a certain goal (Beck, 1991; Humes, Christensen, Bess, & Hed-
ley-Williams, 1997). The typical method for assessing new hearing aid circuitry
is through the use of group experimental designs. Despite the obvious advan-

Kim Schur is currently at the League for the Hard of Hearing, New York, NY 10010.

Correspondence concerning this article should be addressed to Adrienne Rubinstein, Department

of Speech, Brooklyn College, City University of New York, 2900 Bedford Avenue, Brooklyn, New

York 11210. Telephone (718) 951-5186. Fax: (718) 951-4363.

31



32 JARA® XXXI 31-44 1998

tages to group designs, there are a number of problems. A major issue is the ob-
scuring of individual clinical outcome in group averages. When only a segment
of the subjects is affected by the treatment, statistical procedures will average out
clinical effects along with changes due to unwanted sources of variability. Be-
cause results from group studies do not reflect changes in individual patients,
these results are not readily translatable to the practicing clinician (Barlow &
Hersen, 1984).

The assessment of individual data is needed not only in research but in hearing
clinics where clinicians are required to make decisions regarding hearing aid
characteristics and circuits without necessarily knowing at the time which quali-
ties or attributes of the client (and his auditory performance) make him suitable
for a given electroacoustic characteristic. Subjects may be similar in terms of
known attributes yet they may respond differently in terms of satisfaction with a
particular circuit (Bentler, 1991).

Research in the area of hearing aids acknowledges this problem, and even in
studies where group designs are used, attempts are often made to evaluate data
from individuals (Kompis & Diller, 1994; Stein & Dempsey-Hart, 1984; Wolin-
sky, 1986). This approach can be problematic because it may introduce flaws
which were meant to be eliminated by the group design. Several methods have
been used to assess differences between conditions in an individual’s data. One
popular approach has been to use the computer-generated tables of Thornton and
Raffin (1978) to establish statistical significance of speech recognition score dif-
ferences using phonemically balanced (PB) word lists. Phonemically-balanced
word lists continue to be the most widely used material for assessing speech
recognition (Martin, Armstrong, & Champlin, 1994; Olsen, Van Tasell, & Speaks,
1997). The Thornton and Raffin tables, based on the binomial distribution (BD),
have been applied to several areas in audiology (Brimacombe, Arndt, & Staller,
1995; Hochberg, Boothroyd, Weiss, & Hellman, 1992; Sandridge, Goldberg, &
Workman, 1994; Wolinsky, 1986).

Walden, Schwartz, Williams, Holum-Hardegen, and Crowley (1983) used the
binomial model to compare speech recognition performance within two groups of
hearing aids: one group which was electroacoustically similar and preselected for
the loss being fit, and the other group which was electroacoustically dissimilar
and unlikely to be preselected. They found that significant interaid differences
occurred frequently only when electroacoustic characteristics were very different.
They concluded that due to test-retest reliability, monosyllabic word lists may not
be able to detect interaid differences when comparing circuitry more similar and
appropriate for the loss.

Dillon (1982, 1983) reviewed the limitations of the binomial theorem to pre-
dict test-retest variability for speech recognition assessment. He noted that the
binomial model assumes that the degree of variability depends only on (a) the
speech recognition score obtained, and (b) the number of items in the test. There-
fore, predictions based on this model are independent of attributes of the particu-
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lar subject under test. In reality, these assumptions may be violated which may
result in an inaccurate prediction by the model. First, the use of test items of dif-
fering degrees of difficulty can be shown to result in an undesestimation of the
true variability by the model. The second violation is in the assumption of con-
stant probability over time, due to the presence of such factors as fatigue or learn-
ing, which would result in greater variability than predicted by the model.
Whereas the consequences of these two violations tend to be in opposition, they
offset one another. Based on his review, Dillon concluded that the predictions of
the binomial distribution should fall close to empirical values for the average sub-
ject, however, it may not lead to valid results for a particular individual.

An alternative to the above approach is the use of single-case research design.
Intrasubject variability is highlighted through repeated and frequent measurement
of the dependent variable. Stein, McGee, and Lewis (1989) were among the first
to demonstrate how a single-subject design could be applied to issues in audiol-
ogy, in the context of a noise-reduction study. Single-case design is being applied
with greater frequency to issues in audiology (Brainard & Lesner, 1992; Chmiel
& Jerger, 1995; Foust & Wynne, 1991; Parent, Chmiel, & Jerger, 1998). An ad-
vantage of the single-case design is that unlike the BD, it provides information on
the performance stability for the specific individual being tested (Chmiel &
Jerger, 1995), avoiding the potential pitfall of using averaged and thus, less ac-
curate data. For example, subjects with more stable data might demonstrate clear
differences in performance with similar circuitry using a single-case design,
which might not be revealed using the BD.

The main disadvantage of the single-case design, however, is the time required
to take multiple measures. This is especially problematic in the clinical environ-
ment, and what makes the BD so appealing. The purpose of the present pilot
study was to determine if findings comparing two electroacoustically similar
aided conditions would result in different outcomes when data are analyzed using
a single-case design versus a BD approach.

METHOD
Subjects

Twenty adults with postlingual hearing loss served as subjects. Selection cri-
teria included: (a) unaided speech recognition threshold of at least 65 dB HL in
the better (test) ear, and (b) unaided speech recognition score! of at least 50%.
Ten subjects were hearing aid users. Table 1 shows the age, ear tested, pure-tone
air-conduction thresholds, speech recognition score for the test ear, hearing aid
status, and signal-to-noise (SN) ratio used for each subject during the experiment.
In cases where both ears met selection criteria, the ear with the higher speech
recognition score was chosen.

1Speech recognition evaluated at 40 dB above an individual’s speech reception threshold.
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Equipment

A noise-reduction strategy was simulated using a programmable multichannel
system (PMC) and a Siemen’s Programmable Triton 3004 postauricular hearing
aid. Comparisons were made between two frequency responses: (a) a frequency
response aimed at approximating gain as recommended by the Revised National
Acoustics Laboratory (NAL) prescriptive procedure, and (b) a frequency re-
sponse approximating 6-dB less gain in the low-frequency band, no change in the
mid-frequency band, and 3-dB more gain in the high-frequency band, aimed at
noise reduction (NR). The change in frequency response was based on research
by Kuk and Pape (1992) who found this to be a discriminable difference for 80%
of their subjects. An Audioscan RM500 real ear measurement system/hearing aid
analyzer was used to verify the gain of the hearing aid for each subject and each
condition and to assure that output fell within +1dB of target levels. Speech ma-
terial was played back on a Technics RS-TR272 stereo cassette player via a Gra-
son Stadler 16 audiometer.

Procedure

Following the fitting of amplification, each subject was seated | m from the
loudspeaker at a 0° azimuth in a double-wall sound-treated booth, and was asked
to face directly towards the speaker during presentation of the stimuli. To ensure
monaural presentation, an E.A.R. plug was inserted into the nontest ear. All
speech material was commercially produced by Auditec of St. Louis.

An adaptive pretesting procedure was performed for each subject to attempt to
establish a signal-to-noise ratio which would approximate a 50% score for the
NAL condition (Levitt, 1971). The goal of this pretesting was to avoid ceiling/
floor effects during the study. Pilot data had revealed that this could be accom-
plished by using a CID W-22 list and whole-word scoring. The subsequent test
protocol included NU-6 word lists with phoneme scoring. All eight NU-6 lists
were required for the test protocol, thus a W-22 list was used for pretesting. Al-
though the W-22 lists produce higher scores than NU-6 lists, this difference was
offset by the whole-word versus phoneme scoring. Phoneme scoring was
adopted to increase the sensitivity of the measure by increasing sample size
(Olsen et al., 1997). The speech level was set at 50 dB HL with cafeteria noise
initially set at 30 dB HL. Noise was increased in 8-dB steps until the first error,
decreased in 4-dB steps until a correct response was obtained, and varied in 2-
dB steps thereafter. The midpoints of the last eight reversals in 2-dB step size
were averaged to establish the appropriate noise level for each subject. The spec-
trum of cafeteria noise is dominated by low-frequency information, but also con-
tains some high-frequency components and simulates a real-life listening envi-
ronment (Humes et al., 1997).

An experimental rapidly-alternating treatment (RAT) single-case design was
used (Tawney & Gast, 1984). This design may be distinguished from the more
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familiar ABA design. The ABA design typically compares a no-treatment (A)
baseline and a treatment (B) condition, followed by another no-treatment (A)
phase. In the RAT design, the comparison is more often made between two treat-
ment conditions. The major difference, however, is that in the ABA design, sev-
eral data points are collected for each condition before moving to the next condi-
tion, whereas in the RAT design, single data points may be collected as one al-
ternates several times between the two treatment conditions. This offers an ad-
vantage in that results can be obtained with fewer data points because it requires
neither a formal baseline phase nor multiple measures within each phase. This is
especially useful when time is of the essence and there are limitations in the num-
ber of available lists.

The test protocol was carried out in a single session. Frequency-response con-
ditions were alternated until each had been presented four times, using 25 words
for each presentation. The decision to use 25 words was made due to its common
clinical practice (Martin et al., 1994; Wiley, Stoppenbach, Feldhake, Moss, &
Thordardottir, 1995) and in consideration of availability of materials and time
needed for making multiple measures. The choice of condition as well as list pre-
sented first was randomized among subjects. Phoneme recognition scores were
calculated in percent correct for each of the eight presentations (4 lists x 2 con-
ditions) with 75 phonemes (25 words x 3 phonemes) per list. To determine if a
critical difference had been exceeded between the two conditions, the score from
the first list used for one condition was compared with the score from the first list
from the second condition, based on the BD calculations of Thornton and Raffin
(1978). An adjustment was made because it would have been incorrect to assume
75 independent pieces of information. The effect of phonemic constraints was
taken into account by using the equations derived by Boothroyd and Nittrouer
(1988) who compared recognition probability scores of the whole word to the
probability scores of the individual phonemes, as follows:

Pw=py (1)

where p,, is the probability of recognition of the whole word, and p,, is the prob-
ability of the recognition of an individual phoneme when j is known. j is calcu-
lated by:

J = log(p,)/log(®,) @)

Boothroyd and Nittrouer found that for CVC words, the j value was 2.5, which
may be interpreted to mean that recognition of only 2.5 of the phonemes was
needed for correct recognition of the entire word. Boothroyd and Nittrouer
pointed out that whereas their findings revealed the general magnitude of the ef-
fect for CVC words, recalculation of j values is advised with changes in data by
such factors as test material and subject pool. In the present study, an average |
value was calculated from the j values obtained from each subject, and multiplied
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by 25 to obtain the correct number of independent sources of information for sub-
sequent analysis by the BD model.

The preferred method for establishing significance in single-case paradigms is
controversial. Opinions range from those who strongly recommend the use of in-
ferential statistics to those who vehemently object to their use (Kratochwill &
Levin, 1992). Critics of visual inspection object to the element of subjectivity in
the judgments, which can be shown to affect interrater agreement (Ottenbacher,
1993). Proponents, on the other hand, can point to the lack of agreement which
can occur from using more than one statistical treatment (Nourbakhsh & Otten-
bacher, 1994); furthermore, once the statistical analysis is performed, one re-
mains with the critical subjective decision regarding the clinical relevance of the
results.

Levin (1992) recommended visual inspection and analysis for legitimate ex-
ploratory-research vehicles, reserving statistical analysis for confirmatory re-
search studies. Visual inspection was chosen for the analysis of results in the pre-
sent study, an approach supported by McReynolds and Kearns (1983) who argued
that results should be easily observable to be clinically significant. Barlow and
Hersen (1984) reported that, in analyzing alternating treatment designs using vi-
sual inspection, a conservative approach was adopted by most investigators, ac-
cepting as significant only clear divergence between conditions. According to
Barlow and Hersen, this criterion is met when the two series of data points, one
for each condition, are found to be nonoverlapping. These conservative criteria
were adopted in the analysis of results for the present study. Three experienced
researchers, two authors and one individual independent of the project, inspected
the data for treatment effects. A difference between conditions was accepted as
significant only if agreement was unanimous,

RESULTS AND DISCUSSION

Table 2 presents the speech recognition score obtained for each subject in each
condition for each trial, which in turn is displayed in Figure 1. Based on the strict
criteria cited by Barlow and Hersen (1984) and recommended by McReynolds
and Kearns (1983), conditions were judged as significantly different in the sin-
gle-subject analysis only for Subject 15. Agreement was unanimous among
Jjudges for all subjects except in the case of Subject 2.

An average word score and an average phoneme score were obtained for each
subject from all 200 stimuli in the NU-6 lists. Equation 2 was applied to these
data to obtain a j value for each subject. The mean j value across subjects was
found to be to 2.2, which is similar to the results found by Boothroyd and Nit-
trouer (1988). This resulted in the assumption of 55 independent sources of in-
formation (25 x 2.2). A BD chart was generated as described by Thornton and
Raffin (1978), based on an z of 55.

Analysis using the BD on the first two data points for each subject revealed
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Table 2
Speech Recognition Scores (in Percent Correct) for NU-6 Word Lists With Phoneme Scoring
for Each Subject for the National Acoustics Laboratory (NAL) and
Noise Reduction (NR) Conditions During Each Test Period

Test Period
Subject Condition Test 1 Test 2 Test 3 Test 4

1 NAL 70 68 69 68
NR 70 72 77 67

2 NAL 68 73 70 74
NR 60 63 53 77

3 NAL 68 67 64 68
NR 57 63 64 65

4 NAL 57 67 70 65
NR 70 65 71 72

5 NAL 31 36 26 41
NR 12 21 48 29

6 NAL 49 43 70 67
NR 52 48 51 76

7 NAL 49 45 34 48
NR 45 39 47 33

8 NAL 80 85 74 73
NR 81 84 86 84

9 NAL 40 49 31 36
NR 36 32 37 44

10 NAL 43 45 44 69
NR 45 45 57 49

11 NAL 42 52 63 52
NR 37 57 57 61

12 NAL 57 53 65 60
NR 61 59 68 60

13 NAL 63 56 56 60
NR 57 56 51 45

14 NAL 45 44 37 44
NR 41 40 53 33

15 NAL 55 61 51 57
NR 41 51 a4 45

16 NAL 40 47 43 30
NR 51 39 40 53

17 NAL 70 66 61 77
NR 73 61 68 55

Continued on next page
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Table 2 continued from previous page

39

Test Period
Subject Condition Test 1 Test 2 Test 3 Test 4
18 NAL 29 40 21 44
NR 49 35 29 44
19 NAL 55 51 61 74
NR 60 49 59 56
20 NAL 35 40 39 59
NR 41 37 37 41

two subjects for whom the two conditions were significantly different (Subjects
5 and 18). In both cases, the line graphs of these two subjects are characterized
by overlap and wide intrasubject variability. Subjects whose data showed signif-
icant differences based on the binomial model did not have curves with clear di-
vergence in the single-case data, and the subject whose data showed divergence
between conditions in the single-case data did not have significantly different re-
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Figure 1. Line graphs representing test results for twenty subjects. Diamonds symbol-
ize speech recognition scores for four presentations using the Revised NAL frequency
response. Squares symbolize the speech recognition scores for the noise
reduction (NR) frequency response. (Continued on next page)
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Figure 1 Continued from previous page
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Figure 1 Continued from previous page
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sults based on the binomial model. Therefore, in no case was clear divergence
between conditions found in single-case data along with significant differences
based on the BD analysis in the same subject.

The present findings suggest that different methods of establishing who bene-
fits from a particular circuit or frequency response may lead to different conclu-
sions. There are a number of possible explanations for the difference in the out-
comes. One may be that the BD is based on the stability of a percent-correct
score whereas the single-case analysis considers the performance stability of the
particular subject (Chmiel & Jerger, 1995). A second possibility, however, is that
different outcomes were due to the different number of items used in each proce-
dure. To explore this question, a second BD analysis was performed on all 100
words per condition. As before, the BD analysis was based on 2.2 bits of infor-
mation per word (100 x 2.2 = 220). In this analysis, results revealed conditions
to be significantly different only for Subject 15. It may be recalled that this is the
same subject identified by the single-case design evaluation. Since identical out-
comes were obtained when different methods were used, it suggests that differ-
ence in outcomes from the original analysis was in fact due to number of items
used in the evaluation. A final BD analysis using the first 50 words (50 x 2.2 =
110) revealed an intermediary stage in which only the results from Subject 5
demonstrated significant differences.

The results of the present study reveal that the added information on the per-
formance stability for each subject as assessed in the single-case analysis did not
change the outcome as compared with the BD when item number was held con-
stant. Whereas in the present study only one subject was identified as being sig-
nificantly affected by the change in conditions, it would be advisable to replicate
this study in the context of a more powerful independent variable in order to de-
termine whether BD and single-case data would identify the same subjects. A
study which uses a more powerful independent variable should provide more op-
portunities to compare the BD and single-case design by increasing the frequency
of significant outcomes. In the present study, a subtle difference between condi-
tions had been chosen intentionally to evaluate the possibility that a single-case
design might more readily differentiate between two potentially clinically-rele-
vant conditions, although this was not shown to be true. The overall lack of sig-
nificant findings may be due to insensitivity of the measurements or the fact that
the differences in conditions were simply not clinically meaningful.

The use of a more powerful independent variable can also provide an opportu-
nity to further explore the use of 25-word lists. The case against using 25-mono-
syllabic word lists has been cited frequently in the literature, and was recently re-
viewed by Wiley et al. (1995). Surveys of clinical practice, however, reveal in-
creases over time in the frequency of use of half lists (Martin et al., 1994; Martin
& Forbis, 1978). A frequently cited concern over the use of 25-word lists (Wiley
et al., 1995) is the decrease in sensitivity of the test, reducing the likelihood of es-
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tablishing true differences in performance (i.e., a Type Il error). This is reflected
in the use of wider confidence limits in the BD to account for the wider variabil-
ity with the shorter lists. In the present study, Subject 15 was not identified as
performing differently under the two aided conditions until a 100-word list was
evaluated. Whereas the findings of one subject are insufficient to draw conclu-
sions, they support further investigation. It would also be interesting to deter-
mine if the opposite occurs. In the present study, the data of two subjects which
were shown to reveal significantly different scores for the two conditions from
the initial (25-word) BD analysis became insignificant when the entire 100-word
list was used.

In summary, results of the present study suggest that adding information on the
performance stability for each subject (as obtained during the single-case analy-
sis) did not change the outcome as compared with the BD analysis when test item
number was 100 words. Using the BD with 25- and 50-word lists, however, did
result in other outcomes. These findings should be treated as preliminary and
should be replicated in the context of a more powerful independent variable.
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