Department of
Veterans Affairs

Journal of Rehabilitation Research and Development
Vol. 40, No. 3, May/June 2003
Pages 253-264

Reliability of computer-automated hearing thresholds in cochlear-
impaired listeners using ER-4B Canal Phone Earphones

James A. Henry, PhD; Christopher L. Flick, BS; Alison Gilbert, MS; Roger M. Ellingson, M S;

Sephen A. Fausti, PhD

Department of Veeterans Affairs (VA) Rehabilitation Research and Development National Center for Rehabilitative
Auditory Research (NCRAR), VA Medical Center, Portland, OR; Department of Otolaryngology, Oregon Health
and Science University, Portland, OR; VA Audiology Clinic, VA Medical Center, Portland, OR

Abstract—This paper describes the second phase of a study to
determine test-retest reliability of hearing thresholds using a
computer-automated technique with ER-4B Canal Phone™
insert earphones. The first phase documented reliable hearing
thresholds in 20 normal-hearing individuals. For this second
phase, 20 individuals with cochlear hearing loss completed the
same testing protocol as for phase one. During each of two ses-
sions, hearing thresholds were obtained in one-third octave
steps at 500 Hz to 16,000 Hz. The octave frequencies were
immediately retested, followed by ear-tip reinsertion and fur-
ther retesting at octave frequencies. Both groups showed over-
all good threshold reliability, with observable differences
between groups. First, repeated testing resulted in improved
hearing thresholds for the normal-hearing group, but not for
the cochlear-loss group. Second, the normal-hearing group
showed overall better response reliability, both within and
between sessions, than the cochlear-loss group. These differ-
ences were small but consistent.

Key words: auditory threshold, hearing, reliability of results.

INTRODUCTION

In the development of a tinnitus measurement tech-
nique, we used computer automation to achieve the high-
est degree of interexaminer and intersession consistency
in conducting the testing [1-5]. The overall goal of this
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effort was to develop a standardized testing device that
can be used efficiently in audiology clinics.

An important component of tinnitus testing is the
precise measurement of hearing thresholds; thus, our
computerized testing system has been programmed to
perform such testing. The threshold testing protocol
involved several unique features, however, that could
potentially affect response reliability. First, the testing
protocol was under full computer control and was
directed by a testing algorithm that is designed to repli-
cate human decision making. Second, thresholds were
obtained to the nearest decibel, unlike conventional audi-
ometric testing that uses 5 dB test increments. Third, the
earphones used with the system were Etymotic Research

Abbreviations: ANOVA = andlysis of variance, DLI = differ-
ence limen for intensity, ER = Etymotic Research, HL = hear-
ing level, SD = standard deviation, SISI = Short Increment
Sensitivity Index, SNHL = sensorineural hearing loss, SPL =
sound pressure level.
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(ER)-4B Canal Phone™ insert earphones that were
designed for high-fidelity reproduction of music; i.e.,
they were not designed for audiometric testing. These
earphones were deemed most suitable for an automated
testing technique because of the need to use a single set
of earphones for testing across a wide range of frequen-
cies (500 Hz to 16,000 Hz). (Normally, audiometric test-
ing at such high frequencies requires the use of specia
earphones.) For this testing system to be considered
appropriate for clinical application, documentation of
response reliability was essential. The unique features
associated with this system necessitated a study to docu-
ment the reliability of repeated threshold responses.

We previously reported a group of 20 normal-hearing
individuals who were tested repeatedly, both within and
between sessions, to determine the test-retest reliability
of their threshold responses [6]. Response reliability was
shown to be good and compared well to other studies that
had evaluated hearing threshold reliability using conven-
tional supra-aural earphones [7,8]. We aso needed to
determine if the same response reliability could be dem-
onstrated with individuals who have hearing loss. This
present study therefore was to replicate the previous
study of normal-hearing individuals with a group of
cochlear-impaired individuals.

METHOD

Subjects

Twenty individuals with cochlear hearing loss com-
pleted al testing. One ear was selected as the test ear for
each subject, and only that ear was tested. Selection of
the test ear was made randomly, based on aternating
right and left ears for subsequent subjects (10 right ears
and 10 left ears were tested). For the test ear, the subjects
were required to have hearing thresholds exceeding
25 dB hearing level (HL) at two or more of the frequen-
cies between 250 Hz and 8,000 Hz. All but two of the
subjects did not have tinnitus. Subjects consisted of four
females and 16 males (age range = 28 to 86 years;, mean =
61.4; standard deviation [SD] = 14.8).

I nstrumentation

The equipment and procedures used for this study
have been described in detail [2] and were identical to
the previous study using normal-hearing individuals [6]
(also available on-line http://www.vard.org/jour/01/38/5/

flick385.htm). Briefly, the system consisted of four mgjor
system components. (1) main controlling computer (Dell
Dimension, 166 MHz Pentium central processing unit
[CPU]) with a signal generator card (National Instru-
ments, AT-DSP2200-128k) installed in an industry stan-
dard architecture (ISA) dot; (2) subject-response
computer (Compag Concerto 4/25); (3) signal processing
module (custom built by Oregon Hearing Research Cen-
ter, Oregon Health and Science University) used for sig-
nal mixing, attenuation, and earphone buffering; and (4)
ER-4B Canal Phone insert earphones. An automated-cali-
bration application was custom-programmed for the test-
ing system.

Procedures

Testing procedures for the cochlear-impaired sub-
jects were identical to those previously described for the
normal-hearing subjects [6]. Each subject attended two
test sessions separated by 1 to 7 days. Testing time was
approximately 1to 1 1/4 hoursfor Session 1 and lessthan
1 hour for Session 2.

The full range of test frequencies for the automated
testing protocol included 500, 620, 800, 1,000, 1,260,
1,600, 2,000, 2,520, 3,180, 4,000, 5,040, 6,360, 8,000,
10,080, 12,700, and 16,000 Hz (17 test frequencies sepa-
rated by one-third octaves). Three stages of testing
occurred during each sesson—Stage 1: hearing thresh-
olds at al 17 frequencies, Stage 2. repeat hearing thresh-
olds at the six octave frequencies (500, 1,000, 2,000,
4,000, 8,000, and 16,000 Hz) without removing the ear tip
from the subject’s ear canal, and Stage 3: repeat Stage 2
following removal and reinsertion of the ear tip.

At each test frequency, the initial presentation level
was 60 dB sound pressure level (SPL). Step sizesfor tone
presentation were progressively reduced through a series
of three bracketing protocols. (1) up 10 dB, down 20 dB;
(2) up 5 dB, down 10 dB; and (3) up 1 dB, down 2 dB.
During testing at a single frequency, the reversal rules
were the same for each of the three bracketing series. The
only differences between the series were the step sizes
and the number of responses required during ascending
tracks. For the start of each bracketing series, the tone
presentations increased in level until a response was
obtained. The response reversed the direction of stimulus
output to descending steps. During the descending track,
another reversal occurred when the first “no response”
occurred following the presentation of a stimulus. For the
first series, only one response was required during
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ascending tracks, and thus, two reversals. For the second
and third series, two responses were required during
ascending tracks, with four reversals.

Pulsed pure tones of 400 ms duration and a 50 per-
cent duty cycle were presented in segments of 2.4 s each.
Thus five tones were presented per segment unless the
subject responded during the segment, which terminated
the stimulus presentation. Time intervals between seg-
ments were randomized between 1 s and 4 s following a
response. (Intervals were fixed at 1 s when no response
occurred.) The time required for each ascending or
descending track varied according to subject response
time. The average time to complete individual tracks was
about 15s.

The computer started the tone presentations for the
second bracketing series at a level of 10 dB below the
response level obtained during the first series. Two
responses were obtained for the last two bracketing series
and were averaged for each series. The leved of the first
tone presented during the third series was the average
response level obtained during the second series, less 2 dB.
The “thresholds’ obtained at each frequency, and subse-
quently reported, are based on the averages of the two
responses obtained during the final bracketing series.

RESULTS

Conventional Hearing Thresholds

The Figure shows the mean conventional hearing
thresholds, in dB HL, for the test ears (using a Virtual
Model 320 audiometer). Mean hearing thresholds are
shown separately for the subjects in the present study and
for the normal -hearing subjects from the previous study [6].

Table 1.
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Figure.

Mean hearing thresholds in dB HL for test ears of subjects in normal-
hearing and cochlear-loss groups.

Mean hearing thresholds were compared between the
Virtual Model 320 audiometer and the automated system
at the test frequencies that were common between systems:
500 Hz, 1,000 Hz, 2,000 Hz, 4,000 Hz, and 8,000 Hz. This
comparison required use of the same decibel metric; thus,
the dB HL thresholds obtained from the Model 320 were
converted to dB SPL [9]. Note that, although the two ear-
phones produced equal SPL in their respective calibration
couplers, the sound pressure was not necessarily equal at
the eardrum. It would thus be expected that differencesin
mean thresholds would be observed between the two sys-
tems even with the use of the same decibel metric. Table 1
shows that these means differed by about 1 dB to 2 dB at
500 Hz, 1,000 Hz, and 2,000 Hz, and the differences
increased to 4.1 dB at 4,000 Hz and to 7.3 dB at 8,000 Hz.
To test for significance, we calculated t-tests. The multiple

Mean hearing thresholds, in dB SPL, obtained with two systems: (1) Virtual Model 320 audiometer with TDH-50P earphones and (2) automated

system with ER-4B Canal Phone™ earphones.

Mean Hearing Threshold (dB SPL)

Frequency (Hz) p Value'
TDH-50P Supra-aural Earphones ER-4B Canal Phone™ Earphones

500 25.8 245 0.1553

1,000 25.0 27.0 0.0329

2,000 40.1 41.2 0.4526

4,000 60.3 56.2 0.0874

8,000 68.0 60.7 <0.0001

*Results of paired t-tests—only the means at 8,000 Hz differed significantly after corrections for multiple tests using Bonferroni’s method.
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t-tests required Bonferroni’s corrections that dictated sig-
nificance levels that should be used to interpret the results:
p < 0.01 to correspond with 0.05 level for a single t-test.
Only the means at 8,000 Hz were significantly different
(p < 0.0001).

We aobtained all further data provided in this paper
from the automated system using the ER-4B insert ear-
phones. The data are presented in the same manner as
shown previously for the normal-hearing subjects to
allow adirect comparison between the two groups [6].

Between-Session Reliability
Within-Group Reliability
Table 2 shows the across-subjects mean thresholds,

indB SPL. A repeated measures of analysis of variances
(ANOVAS) was calculated on the six means at each

Table 2.

octave frequency, and a t-test was calculated on the two
means at each nonoctave frequency. None of these ANO-
VAs or t-tests reveaed significant differences based on
Bonferroni’s correction for repeated statistical tests (sig-
nificance levels of p < 0.008 to correspond with 0.05 level
for a single ANOVA and p < 0.005 to correspond with
0.05 level for asingle t-test).

Within-Subjects Reliability

Table 2 reveals good threshold reliability, both within
and between sessions for the combined group of subjects.
Of primary interest, however, was the reiability of
responses for individual subjects. For each subject, differ-
ences were calculated between thresholds obtained at
each session (Session 2 threshold minus Session 1 thresh-
old). The means of these differences shown in Table 2
reflect the actual differences, thus indicating the direction

Means of hearing thresholds, in dB SPL, obtained with automated system from 20 subjects. Between Stages 2 and 3 during each session, ear tips
from insert earphones were removed and reinserted. Also shown are means of individual differencesin hearing thresholds between Session 1 and

Session 2.
Session 1 Session 2 Difference Scores
Freq Stagel Stage?2 Sage3 Sagel Sage2 Sage3 Mean of SD of Diff Mean of
(H2) (All (Octave (Octave (All (Octave (Octave Actual  Scores Pearr*son V aIAl\.It(: of
Freqs) Fregs) Freqgs) Freqs) Freqs) Freqs) Diffs(dB) (dB) Diffs

500 24.5 25.2 23.3 24.3 25.0 23.0 -0.2 115 0.75 6.3
620 25.8 — — 22.6 — — -3.3 9.9 0.83 5.2
800 26.4 — — 28.0 — — 16 7.4 0.93 4.2
1,000 27.0 26.2 25.0 27.1 24.9 25.2 0.1 2.8 0.99 2.2
1,260 30.1 — — 29.0 — — -1.2 55 0.96 31
1,580 33.6 — — 34.1 — — 0.5 4.0 0.98 29
2,000 41.2 41.0 40.8 41.3 40.9 40.6 0.1 2.7 0.99 19
2,520 458 — — 47.0 — — 15 4.6 0.98 25
3,180 52.7 — — 54.1 — — 14 4.7 0.98 25
4,000 56.2 57.1 56.4 56.3 55.3 55.8 0.1 25 0.99 18
5,040 56.1 — — 55.3 — — -0.8 3.8 0.99 26
6,340" 57.4 — — 57.0 — — 0.5 3.7 0.99 2.7
8,000" 60.7 60.2 60.3 59.2 60.0 59.5 0.0 5.4 0.98 3.7
10,080" 68.7 — — 67.2 — — 13 8.9 0.94 6.2
12,7007 73.9 — — 75.9 — — -0.9 34 0.99 2.0
16,0007 93.3 93.8 91.2 915 79.6 95.2 -1.8 5.0 0.52 35
Average — — — — — — -01 54 0.92 33

*All correlation coefficients significant at p < 0.0001, except p = 0.3186 at 16,000 Hz.
TNs reduced to 19 at 6,340 Hz and 8,000 Hz, 10 at 10,080 Hz, 7 at 12,700 Hz, and 6 at 16,000 Hz.
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of the responses between sessions. For these subjects, the
means of the actual differences varied randomly across
frequencies between positive and negative. Thus, in con-
trast to al the means being negative for the normal-hear-
ing subjects [6], no trend was found for the threshold
responses obtained at the second session to be less than
those from the first session for the cochlear-impaired
group (Wilcoxon, p > 0.05). At the test frequencies where
there was an N of 20 (500 Hz to 5,040 Hz), 44 percent of
the differences were positive, 34 percent of the differ-
ences were negative, and 22 percent of the responses were
equal across sessions. The SDs of the differences are
shown in Table 2, where it can be seen that they ranged
from 2.5 dB to 11.5 dB, with an average SD of 5.4 dB.
Pearson product-moment correlations were also evaluated
for each frequency, and the Pearson r’'s are shown in
Table 2. Each of theser vaueswas >0.747, and all coeffi-
cients were significant at p < 0.0001, except at 16,000 Hz
(r =0.520; p = 0.3186).

We also determined the average magnitude of the dif-
ferences between sessions by calculating the absolute
value of each subject’s between-session threshold differ-
ence at each frequency. The means of these absolute val-
ues are shown in the last column of Table 2 and ranged
from 1.8 dB to 6.3 dB. The average difference, ignoring
the direction of the differences, was 3.3 dB (as compared
to 2.5 dB for the normal-hearing subjects).

Table 3.

HENRY et al. Reliability of computer-automated hearing thresholds

Confidence Intervals for Difference Scores

To show the range of individual between-sessions dif-
ferences in hearing thresholds, Table 3 displays the confi-
dence intervals for the difference scores. A total of 279
between-sessions threshold differences were found, and
difference scores were grouped according to the indicated
confidence intervals ranging from +1 dB to +20 dB. Of
the 279 differences, 233 (83.5 percent) were within £5 dB,
268 (96.1 percent) werewithin £10 dB, and 271 (97.1 per-
cent) were within £15 dB.

We expanded the assessment of between-sessions
confidence intervals to analyze confidence intervals at
the individual test frequencies. Table 4 shows that, in
general, between-sessions responses were most reliable
at frequencies between 1,000 Hz and 8,000 Hz. Table 4
also displays the corresponding percentages obtained
from the normal-hearing subjects for a direct comparison
of reliability between the normal-hearing and cochlear-
impaired groups [6]. At most test frequencies, between-
sessions response reliability is seen to be dslightly better
for the normal-hearing subjects.

Within-Session Reliability

Table 5 shows the within-session mean threshold dif-
ferences for the sensorineural hearing loss (SNHL) sub-
jects. Thresholds were obtained three times during each
session, and these three trials are referred to as Stage 1,
Stage 2, and Stage 3, asin Table 2. There were three pos-
shilities to calculate differences between responses

Confidence intervals for between-sessions differencesin hearing thresholds.

Interval (dB) in Which Between-Sessions
Threshold Differences Occurred

Cumulative Number of Differences’

Percent of Differences’

From (>) To (<)
-1 1 81 29.0 (29.0)
-2 2 137 49.1 (52.4)
-3 3 186 66.7 (71.6)
—4 4 220 78.9 (84.9)
-5 5 233 83.5(91.5)
-10 10 268 96.1 (98.1)
-15 15 271 97.1(99.4)
-20 20 279 100 (100)

*Total number of between-sessions threshold differences = 279.

Percent of differences for normal-hearing subjects from previous study shown in parentheses [6].
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Table 4.
Confidence intervals for between-sessions differences in hearing thresholds. Each value represents percentage of responses that occurred for
intervals indicated. Corresponding responses from normal-hearing subjects are shown in parentheses [6].

Interval (dB) Freguency (kHZz)
F(rs)m (T:; 05 062 08 10 126 158 20 252 318 40 504 634 80 1008 127 160
a1 1 26 32 20 20 30 25 40 45 35 35 35 16 21 9 57 17
(30) (25 (15 (45 (100 (30) (55 (35 (40) (30) (21) (42) (25 (25) (20) (30)
2 2 37 53 40 60 55 40 70 65 55 50 55 37 42 9 57 33
(45) (65) (45) (700 (20) (60) (70) (60) (60) (60) (63) (59) (45) (40) (30) (53)
3 3 47 74 60 75 70 60 75 75 8 75 65 63 53 27 71 83
(700 (75 (80) (85) (50) (90) (85 (90) (80) (75) (79) (68) (50) (60) (50)  (65)
4 4 63 79 60 9 8 80 9 80 9 9 75 79 68 45 8 83
(85 (90) (95) (95) (85 (0) (9B) (9O) (85) (/) (W) (9\¥) (70 (65 (65 (71
5 5 68 8 75 9 8 80 9 8 9 9 9 89 68 64 8 83
(90) (100) (100) (100) (100) (95) (100) (95) (85) (95) (100) (95) (85) (80) (75) (76)
10 10 %5 89 9 100 9 100 100 9 95 100 95 100 95 82 100 83
(1000 — — — — (95 — (1000 (95 (1000 — (100) (100) 90 (100) (100)
15 15 % 89 95 — % —  — % 9% — 100 — % 91 — 100
- - - - - (100 - - (0 - - — — @0 - —
20 20 100 100 100 — 100 — — 100 100 — — — 100 100 — —

Note: Each percentage is based on 19 or 20 responses, except at 10.08, 12.7, and 16 kHz, which had Ns of 10, 7, and 6, respectively.

Table5.
Means of actual values of individual differences in hearing thresholds. All means shown are for various combinations of within-session
differences.

Session 1 Session 2
Freq (H2) Sage2Minus Sage3Minus Sage3Minus Sage2Minus Sage3Minus Stage3 Minus

Sagel Sagel Stage 2 Sagel Stage 1l Sage 2
500 0.70 -1.15 -1.85 0.65 -1.35 -2.00
1,000 -0.85 -2.05 -1.20 -2.15 -1.90 0.25
2,000 -0.25 -0.40 -0.15 -0.40 -0.70 -0.30
4,000 0.85 0.20 -0.65 -0.95 -0.55 0.50
8,000 0.5 —0.45 -1.05 -0.74 -1.32 —0.55
16,000" 0.50 -1.80 -1.60 3.00 3.67 0.667
Average 0.12 -0.82 -1.01 -0.51 -0.89 -0.36

*N = 20 for all frequencies except 8000 Hz (N = 19) and 16,000 Hz (N = 6).

(Stage 1 versus Stage 2, Stage 1 versus Stage 3, and Stage Table 5 shows the means for each of these threshold dif-
2 versus Stage 3). We calculated the difference valuesby  ferences. The mean differences are small, and no positive
subtracting earlier responses from later responses, and  or negative trend was found (Wilcoxon, p > 0.5).
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We examined the magnitude of the within-session
threshold differences by determining the absolute value of
each difference. Means of the absolute values are shown
in Table 6. Ear-tip removal and reinsertion was compl eted
between Stages 2 and 3 during each session, and thresh-
old differences associated with ear-tip replacement
are reflected by the means shown in the columns entitled
“Stage 3 minus Stage 1" and “Stage 3 minus Stage 2."
The across-frequency averages, displayed in the bottom
row, indicate that when ear tips were replaced, the aver-
age differences were within 1 dB of the mean differences
when ear tips were not removed.

The potential effect of ear-tip replacement was evalu-
ated by t-tests calculated at each frequency between the
“Stage 2 minus Stage 1" means versus the “ Stage 3 minus
Stage 1" means. These t-tests were performed for the Ses-
sion 1 and for the Session 2 pairs of means. Of the 12 t-tests
that were conducted, only 2 resulted in p < 0.05. However,
because of the number of t-tests that were performed, Bon-
ferroni’s adjustment for repeated tests established a signifi-
cance level of 0.004. At that level, significance did not
occur at any of the test frequencies.

Confidence Intervalsfor Difference Scores

Table 7 provides confidence intervals for the within-
subjects and within-sessions differences in hearing thresh-
olds. Thresholds were repeated three times at the octave
frequencies during each session. Therefore, three combi-
nations of differences were available to be reported for the
within-sessions repeated thresholds: (1) Stage 2 threshold
minus Stage 1 threshold, (2) Stage 3 threshold minus
Stage 1 threshold, and (3) Stage 3 threshold minus Stage 2

HENRY et al. Reliability of computer-automated hearing thresholds

threshold. The first condition would reflect the ear tip
being left in place, and the latter two conditions would
reflect differences when the ear tips were removed and
replaced between testing. We evaluated any effect of ear-
tip replacement by comparing the percentages shown in
Table 7 for the three conditions in each session. Based on
these data, reiability of responses was not reduced
because of ear-tip replacement.

Table 7 aso displays the corresponding data from
the previous study with normal-hearing individuals [6].
Percentages for the normal-hearing subjects are shown
directly below the corresponding percentages for the
cochlear-impaired subjects in the present study. Although
only dlight differences were found between groups, this
comparison reveal s that the numbers are consistently bet-
ter for the normal-hearing listeners.

DISCUSSION

Tinnitus is a subjective symptom, and worldwide
efforts to quantify its “acoustic” aspects have not resulted
in a widely accepted method for this purpose. We are
responding to this need by devel oping computer-automated
techniquesthat reliably measure tinnitus loudness and pitch
and in a standardized format. The present study is part of a
larger overal effort to develop computer-automated meth-
odology to conduct clinical tinnitus assessment. Computer-
automated testing has been shown to be effective in evalu-
ating tinnitus loudness and pitch [2-5,10]. We are continu-
ing to refine the automated system so as to provide a
technique that can be used practicaly and efficiently in the

Table6.
Means of absolute values of individual differences in hearing thresholds. All means shown are for various combinations of within-session
differences.
Session 1 Session 2
Freq (H2)" Sage2Minus Stage3Minus Sage3Minus Sage2Minus Stage3Minus Sage3Minus
Sagel Sagel Stage2 Sagel Sagel Stage 2
500 3.10 245 345 5.25 5.05 2.70
1,000 1.65 2.65 2.10 2.75 240 1.95
2,000 0.95 2.00 1.65 1.60 3.20 2.50
4,000 1.45 1.60 2.25 245 2.35 2.00
8,000 1.84 3.25 253 2.00 4.26 2.95
16,000 1.83 2.60 240 3.67 4.33 2.67
Average 1.80 240 2.39 2.87 3.50 243

“N = 20for all frequencies except 8,000 Hz (N = 19) and 16,000 Hz (N = 6).
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Table7.

Confidence intervals for within-sessions differences in hearing thresholds.

Interval (dB) in Which

Percent of Differences*

Within-Sessions Threshold

Differences Occurred Session 1

Session 2

Sage2 Minus Sage3 Minus Sage3Minus Sage2 Minus Stage3 Minus Sage3 Minus

>
From () To(<) Sagel Sagel Sage2 Sagel Sagel Stage 2
-1 1 48.6 36.2 34.6 34.6 26.9 36.8
(51.3) (40.2) (49.6) (33.3) (29.1) (30.8)
-2 2 66.7 60.0 67.3 66.3 52.9 575
(76.1) (59.8) (70.9) (59.8) (45.3) (53.0)
-3 3 81.0 75.2 78.8 76.0 59.6 72.6
(88.9) (77.8) (82.9) (80.3) (69.2) (69.2)
—4 4 924 88.6 88.5 81.7 75.0 83.0
(95.7) (93.2) (91.9) (88.9) (88.0) (81.2)
-5 5 93.3 924 92.3 85.6 80.8 87.7
(97.9) (94.9) (94.9) (94.0) (92.3) (88.9)
-10 10 98.1 97.1 96.2 95.2 94.2 96.2
(100) (100) (100) (98.3) (99.2) (98.3)
-15 15 100 98.1 99.0 98.1 99.0 100
(99.1) (99.2) (99.1)
-20 20 — 100 100 100 100 —
(100) (100) (100)
N — 105 105 104 104 104 106

*Percent of differences for normal-hearing subjects from previous study shown in parentheses [6].

clinica setting to perform a comprehensive tinnitus assess-
ment battery [11]. An essential component of the auto-
mated system is the capability to obtain hearing thresholds
a each test frequency with 1 dB precision.

The present study is a follow-up to our previous
study for which we evaluated the test-retest reliability of
hearing thresholds in normal-hearing listeners using our
computer-automated testing system [6]. The computer-
automated system included a number of design features
that might have affected response reliability, including
(1) a custom algorithm for obtaining thresholds entirely
by computer control [2], (2) threshold testing in 1 dB
increments, (3) use of the ER-4B Canal Phone insert ear-

phones, and (4) removal and replacement of the ear tips
from the insert-style earphones.

The previous study showed that the reliability of
hearing thresholds obtained with this system was well
within aclinically acceptable range [6]. For these normal-
hearing individuals, the means of the absolute values of
the between-sessions differences ranged from about 1 dB
to 3 dB, with an average across frequencies of 2.5 dB.
The between-sessions differences were slightly higher for
the cochlear-impaired subjects in the present study, with
an average difference across frequencies of 3.3 dB. Thus,
for all test frequencies combined, the average between-
sessions threshold difference for the cochlear-impaired
subjects was 0.8 dB higher than for the normal-hearing
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subjects. For the cochlear-impaired subjects, this degree
of reliability would still be well within aclinically accept-
ablerange.

Confidence intervals were calculated for the
cochlear-impaired subjects, both for the between-ses-
sions differences in thresholds (Tables 3 and 4) and for
the within-sessions differences (Table 7). The confi-
dence-interval data show the percentages of differences
in thresholds that occurred within various intervals,
from +1 dB up to £20 dB. A side-by-side comparison
between the normal-hearing and cochlear-impaired
subjects indicates that normal-hearing subjects pro-
vided consistently better response reliability but that
the cochlear-impaired subjects provided reliability that
was as good or better than other published reports
[7,8,12]. Our data indicate that 83.5 percent and
96.1 percent of the between-sessions threshold differ-
ences for the cochlear-impaired subjects were within
+5 dB and £10 dB, respectively.

In the previous study, the normal-hearing subjects
revealed asignificant trend for an improvement in hearing
thresholds as a function of repeated testing, both within
and between sessions [6]. Although statistically signifi-
cant, the mean differences were small—amounting to
average differences across frequencies of less than —1 dB.
For the present group of cochlear-impaired subjects, no
trend in the direction of responses was apparent—either
within or between sessions—even though all testing con-
ditions were identical between groups.

These findings may offer support for a learning or
practice effect among normal-hearing listeners but not
for cochlear-impaired listeners. A review of the literature
reveals that this effect has not been confirmed. The pre-
ponderance of studies, however, supports the occurrence
of a learning or practice effect for auditory thresholds.
High and Glorig obtained repeated hearing thresholds
[13] and found that the threshold for the first tone pre-
sented (1,000 Hz) was aways higher (poorer) than the
threshold for the next frequency and that repeated testing
at 1,000 Hz generally resulted in an improvement in the
threshold at that frequency. Studies by Burns and Hinchc-
liffe and Robinson and Whittle have both shown
improvements in hearing thresholds of 1 dB to 2 dB over
time that they ascribed to alearning effect [14,15]. Corso
and Cohen showed improved thresholds both within and
between sessions [16]. Hickling showed that response
reliability improved both with listening practice and as
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the interval between successive tests was reduced
[17,18].

Other studies have shown no improvement in thresh-
olds as a result of repeated testing. Erlandsson et al.
showed no tendency toward between-sessions improve-
ment of the summed hearing thresholds from 2,000 Hz to
8,000 Hz [19]. Brown reported that practice did not
appear to have an effect on the measurements [20]. Addi-
tional studies reported only chance threshold fluctuations
across repeated tests [21-23].

The present studies with our automated system sug-
gest that a practice or learning effect does exist with
repeated testing for auditory thresholds, although only for
normal-hearing individuals. These results agree with the
one study that systematically tested for this effect [24],
presumably with normal-hearing listeners. Thereis, how-
ever, the unexplained lack of improved thresholds for the
cochlear-impaired subjects who were tested in an identi-
cal fashion asfor the normal-hearing subjects. A possible
explanation for this discrepancy may be related to the dif-
ference limen for intensity (DL1).

It is well known that individuals with cochlear
impairment have reduced DLIs relative to normal-hear-
ing listeners [25,26]. The DLI phenomenon led to the
development of the Short Increment Sensitivity Index
(SISI) Test that requires patients to identify 1 dB shiftsin
intensity as evidence of cochlear pathology [27]. Test
increments of 1 dB were later validated as optimal for use
with the SISI [28]. Therefore, a possibility exists that, in
the present study, the lack of improved auditory thresh-
olds for the SNHL subjects was due to their reduced
DLIs. That is, subjects with cochlear pathology may pos-
sess a greater inherent ability to identify the first audible
tone 1 dB above threshold. Such ability could preclude
any practice effect that might be associated with a lesser
ability to discriminate between tones that vary in inten-
sity by such asmall amount. Thisline of reasoning, how-
ever, would also suggest that reliability of threshold
responses should be better for listeners with cochlear
impairment, which was not demonstrated by our find-
ings. The between-sessions threshold differences were
greater (by an average of 0.8 dB) for the cochlear-
impaired group relative to the normal-hearing group.
Because the difference was so small, however, it may
reflect normal variability and not an actual difference
between groups in response reliability. This question can
only be resolved by further investigation.
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In both the previous and present studies [6], hearing
threshold data were obtained from all subjects with the
ER-4B insert earphones and the TDH-50P supra-aural
earphones. Although not the specific purpose of these
studies, these data allowed a direct comparison of results
at octave freguencies between the two types of earphones
(see Table 1 in both the previous and present papers).
Some comments are necessary regarding technical
agpects of these comparisons. There is a recommended
technique for the transfer of reference equivalent thresh-
old values from a standard reference earphone to an ear-
phone of adifferent type. This procedureis spelled outin
the current American National Standard Specification for
Audiometers (ANSI) (S3.6-1996). This procedure is
based upon probe-tube measurements that Corliss and
Burkhard initially developed [29]. The procedure used
here was an initial behavioral comparison of the ER-4B
insert earphone and the TDH-50 supra-aural earphone.
The findings from this pilot work are encouraging, and
our next step is to use the probe-tube technique to estab-
lish reference equivalent threshold values for the ER-4B
transducer. The difference in HL between the ER-4B and
the TDH-50 earphones decreases systematically at the
higher two frequencies (4,000 Hz and 8,000 Hz). Thisis
true for both normal-hearing individuals and for patients
with hearing loss in the present study [6]. Only probe-
tube measurements will help us determine if this effect is
real or an artifact of using, with the ER-4B earphone, ref-
erence equivalent threshold SPLs that have been estab-
lished only for the ER-3A insert earphones.

Some studies have been conducted to describe nor-
mal variability of auditory thresholds for identifying true
threshold shifts that would indicate noise damage or oto-
toxicity [30—32]. In general, these studies have observed
that the majority of random threshold shifts fall within
5 dB. Dobie and Simpson et al. both reported SDs of
the difference scores [30,32], which were comparable
between their two studies.

The present study used 1 dB increments and showed
that repested thresholds differed, on average, by 3.5 dB or
less (Tables 2 and 6). This average held true across the
entire range of test frequencies for both within- and
between-sessions  differences. The SDs of difference
scores averaged 2 dB to 3 dB better than the studies by
Dobie and by Simpson et a. [30,32]. This could be
explained by the 1 dB steps that were used in the fina
stage of testing for the present experiment, as well as the
shorter timeintervalsinvolved. The good reliability shown

both in the previous study with normal-hearing listeners
and in the present study with cochlear-impaired listeners
suggests that this technique might offer an improvement to
techniques that are used for serial monitoring.

In both the previous and the present study, the
between-sessions differences in repeated thresholds
never met the criteria that would have indicated ototoxic-
ity according to the national guidelines for ototoxicity
monitoring [33]. Therefore, this automated technique
potentially may reduce false positive responses that
would meet criteriafor ototoxicity (or noise damage).

The ideal ototoxicity monitoring protocol would
obtain daily measures of threshold sensitivity to determine,
within one day, when ototoxic effects occur. Such informa-
tion could only be obtained with an automated self-testing
device that could be Ieft in the hospital room or taken
home by the patient. This technology could be accom-
plished using testing procedures similar to those described
in this report. The device would aso require the capability
of downloading data via telephone lines to a central data-
base for analysis. Development of such a device would
provide data never before observed in patients receiving
ototoxic drugs, that is, the day-to-day patterns of shiftsin
threshold sensitivity that occur during treatment.

CONCLUSION

The present study completes the evaluation of our
automated system for its capability to obtain reliable
measures of auditory sensitivity. In both groups of nor-
mal-hearing and cochlear-impaired listeners, good reli-
ability of threshold responses was observed. The normal-
hearing group had better reliability, but the differences
observed between groups were small and would not be of
any consequence clinically. This automated technique
could thus be adapted for use as a standard hearing-test
device. We plan to establish reference equivalent thresh-
old values for the ER-4B insert earphones by conducting
probe-tube measurements.

The automated technique continues to reveal reliable
responses for use as a tinnitus-assessment instrument. In
addition, the technique may have further potential for any
application that requires serial monitoring of auditory
thresholds. The automated system, with its use of insert
earphones, could even be incorporated into a portable
monitoring device that could be used for daily self-test-
ing in any reasonably quiet environment.
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