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Abstract—This study was conducted to document test-retesKey words: auditory threshold, hearing, reliability of results.
reliability of hearing thresholds using our computer-automate

tinnitus matching technique and Etymotic ER-4B Cana

Phone™ insert earphones. The research design involvNTRODUCTION

repeated threshold measurements both within and between s
sions, and testing to evaluate the potential effect of earti
removal and reinsertion. Twenty normal-hearing subjects wel

. . . and Development (RR&D) National Center for
evaluated over two testing sessions with the use of a fully aut|R habilitative Audit R h (NCRAR) 1o d |
mated protocol for determining thresholds with 1-dB precision ehabilitative Auditory Research ( ) to develop

Thresholds were first obtained at 0.5-16.0 kHz, in one-thir€linical techniques for quantifying the phantom acousti-
octave frequency steps (16 test frequencies). The octave ficdl sensations that define tinnitus. A basic premise of this
guencies were then retested, first without removing the eartipWork is that patients, by “listening” to their tinnitus, can
then after eartip removal and replacement. Responses betwecontrol the adjustment of acoustical parameters of exter-
sessions differed by an average of 2.5 dB across all 16 test final sounds to match these parameters to their tinnitus. By
quencies, and 91.5 percent of the repeated thresholds variso doing, an acoustical image of the tinnitus can be creat-
within +5 dB (98.1 percent within 10 dB). Reliability of with- ed that can be useful for a variety of clinical and research
in-sessions thresholds was also good, and there was no eﬁec'purposes (1,2). Using our automated testing technique,
eartip removal and replacement. individuals with essentially nonfluctuating tinnitus can
match their tinnitus loudness very reliably to pure tones
This material is based upon work supported by the Veterans Affairs acrqss the audible frequency range (3) Additional studies
Rehabilitation Research and Development (RR&D) Service (C891-RAand are In progress to develop automated methods for match-
RCTR 597-0160). ing tinnitus pitch and for assessing other acoustical para-
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RR&D Center for Rehabilitative Auditory Research, VA Medical CentermeterS of tinnitus, such as its maSkablhty and spectral

(NCRAR), PO Box 1034, Portland, OR 97207; email: henryj@ohsu.edu. content.

Efforts are ongoing at the Rehabilitation Research
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Historically, methodological variations for match- system, and all custom software was Windows 95
ing tinnitus loudness and pitch have been myriad. /compatible.
common element of most methods, however, has bet
the requirement to obtain hearing thresholds. EacMain Computer
threshold serves as the level from which to begin matct The main computer (Dell Dimension, 166 MHz
ing tinnitus loudness at a given test frequency, and alsPentium CPU) resided in a control room and was used to
as the point from which to calculate sensation levels ccontrol all testing functions. A 16-bit signal generator
the loudness matches. Because loudness matches card (National Instruments, AT-DSP2200-128k) was
usually determined to within 1 dB, hearing thresholddnstalled in one of the peripheral card slots of the com-
must also be obtained with 1-dB precision. Tinnitusputer. A custom software application was developed to
pitch matching is often part of an interleaved testincontrol all processes necessary for the delivery of pure
protocol that involves evaluation of thresholds, loudtone signals to the earphones, including generation of
ness matches, and pitch matches (4-6). pure tone signals from the signal generator card, and

Our automated tinnitus-matching protocol alscattenuation parameters for the signal conditioning
involves measurement of hearing thresholds. With thmodule.
automated system, a number of factors could affect tes The main computer was connected to the subject
retest reliability of the thresholds, including (1) a uniquecomputer via a local area network (LAN) interface with
computer algorithm for obtaining thresholds, (2) the meathe use of standard networking protocols for two-way
surement of thresholds with 1-dB resolution, (3) the uscommunication. The custom software application of the
of Etymotic Research (Elk Grove Village, IL) ER-4B main computer communicated with the subject computer
Canal Phone™ insert earphones, and (4) reinsertion over the network. As pen-touch responses were made on
eartips for the insert earphones. The present study wthe subject computer, the main computer received and
conducted, therefore, to demonstrate within-subjecanalyzed these responses for program control and record-
within-session, and between-session reliability of hearined the responses into data files. The software program of
thresholds obtained with the automated tinnitus systerthe main computer also provided dialog forms on the
in a group of normal-hearing individuals. main-computer monitor for examiner entry of subject

information, test session information, parameters for test-
ing, and visual displays for monitoring testing status,

METHOD progress, and results.

Subjects Subject Computer

Twenty subjects with normal-hearing sensitivity The subject computer (Compaq Concerto 4/25)
completed all testing. One ear was selected as the test was selected specially to provide the testing interface
for each subject, and only that ear was tested. For the tbetween the individual being tested and the main com-
ear, the subjects were required to have hearing threshoputer. This notebook computer was enabled for
<25 dB hearing level (HL) at octave frequencies fromMicrosoft Windows for Pen; that is, the subject used a
0.25-8.00 kHz, and at 3 and 6 kHz. Subjects consisted pen-pointing device to indicate responses by “pen-
16 females and 4 males ranging in age from 19-54 touching” the appropriate buttons on the touch-sensi-

(mear=33.9 y; SD=10.8 y). tive video screen.
The subject computer resided in the testing booth.
Computer-Automated Testing System A remote custom software application, under control of

The equipment used for this study has beethe main computer, displayed testing instructions for
described in detail (3) and is described briefly hereinthe subject, received the subject's responses during
There were four major system components: (1) maitesting, and transmitted response information to the
computer, (2) subject computer, (3) signal-conditionmain computer. Acoustic and electrical noise emanat-
ing module, and (4) the ER-4B insert earphones. /ing from the subject computer was not a concern
block diagram of this system has been shown (refer lbecause the computer was operated under battery
Figure 1, Henry et al. (3)). Both the main and subjecpower, there was no fan, and the hard drive was dis-
computers used the Microsoft Windows 95 operatin@bled during testing.
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Signal-Conditioning Module sound pressure level (SPL) output from 1 to 16 kHz, with
A signal-conditioning module (custom-built at <3 percent harmonic distortion. Black foam eartips (ER4-

Oregon Hearing Research Center, Portland, OR) wél4F) from Etymotic Research were used during both cal-

installed in-line between the signal generator of the maiibration and testing.

computer and the earphones and was used for signal m

ing, attenuation, and earphone buffering. Instrumentation for Conventional Audiometry
Conventional-frequency (0.25-8.00 kHz) hearing
ER-4B Canal Phone™ Insert Earphones thresholds were obtained using a Virtual Corporation

ER-4B Canal Phone™ insert earphones (www.ety(Portland, Oregon) Model 320 audiometer with TDH-50P
motic.com) are designed to be used as high-fidelity stiearphones in MX-41/AR cushions. Instrumentation and
dio monitor quality earphonedrigure 1 provides procedures for manual threshold evaluation were as pre-
photographs of the ER-4B earphone. The ER-4B utilizeviously described (7). Tympanometric screening was per-
an ear-level transducer, eliminating the long tubing assformed with a Grason-Stadler GSI-37 Auto Tymp.
ciated with Etymotic Tubephone™ insert earphones. Th
ER-4B provides greater overall output and enhanceCalibration
high-frequency response (above 6000 Hz) relative to tr Details of calibration have also been described (3).
other insert phoned-igure 2). Sound output is >100 dB Briefly, output of all pure tones was calibrated at the

beginning of each test day with the use of a custom auto-

mated-calibration application. The application used serial

A] interface control of a Bruel and Kjaer (B&K) Instruments

(Copenhagen) 2231 sound level meter with Type 1625
octave filter set. The ER-4B insert earphone was coupled
to the sound level meter using a B&K Type 4157 ear sim-
ulator as shown iRigure 1(b). A black foam eartip of the
same type used for testing (Etymotic ER4-14F) was

130
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1. ER-4B with black eartip
2. DB 2012 ear canal extension 5
3. Retaining collar o 5 10 15 20
4. B&K Type 4157 ear simulator Frequency (kHz)
5. Microphone preamplifier
Figure 2.
Figure 1. Swept-frequency output, in dB SPL, for four types of Etymotic

ER-4B Canal Phone™ insert earphone (a) shown prior to insertioResearch insert earphones, using a fixed voltage in a Zwislocki cou-
into human ear and (b) shown coupled to the B&K Type 4157 ear sinpler. ER-4B Canal Phone™ had highest relative output for frequencies
ulator for calibration. above 6000 Hz (data provided by Etymotic Research).
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applied to the ER-4B earphone and inserted and alignoctave frequencies between 0.5-16.0 kHz (six test fre-
flush with the base of the B&K DB2012 Ear Canalquencies). This second stage was conducted immediately
Extension (this ensured consistent placement for calibrifollowing the first stage and without removing the foam
tion). Calibration values were stored in a database areartip from the subject’s ear canal. Testing in the third
later accessed, while testing, to provide precise attenustage was identical to the second stage, except the foam
tion settings. eartip was removed and reinserted before retesting. With
The conventional-frequency earphones (TDH-50Pthe eartip removed, the subject was encouraged to take a
were calibrated in compliance with American Nationalshort break, which usually consisted of 5—-10 min outside
Standards Institute standards (8) with a B&K 223lof the testing booth.
sound-level meter with a one-third-octave band filter se

in an artificial ear (B&K 4153). Foam Eartip Insertion
The examiner inserted the eartip for the ER-4B ear-
Procedures phone by making the outside eartip-surface flush with the

For each subject, procedures were conducted ovconcha bowl. If the eartip could not be inserted to that
two test sessions that were separated by no more thdepth, it was inserted as far as possible without undue
1 wk. Session 1 required 1.00-1.25 h of time, and Sessiforcing.

2 required less than 1 h.
Instructions to Subjects
Initial Evaluation (Session 1 Only) Instructions for responding were presented at the

At the start of the first session, a short case historbeginning of each of the three testing stages. This was
was obtained to provide information regarding demoaccomplished by displaying the instruction screen shown
graphics, auditory and vestibular disorders, and familin Figure 3(a). When subjects had read and understood
history of hearing loss. Subjects were also asked if thethe instructions, they touched the “Go” button on the
had been exposed to significant noise and, if so, thescreen with the pen device. The threshold-testing screen
completed a noise exposure questionnaire. then appeared-{gure 3(b)), and testing proceeded.

Tympanometric screening was performed with the
Auto Tymp to rule out active middle-ear pathology.Test Frequencies
Before we tested with the automated technique, hearir Test frequencies for hearing thresholds obtained in
thresholds were obtained manually with the Virtual 32(Stage 1 included 0.5, 0.62, 0.8, 1.0, 1.26, 1.6, 2.0, 2.52,
audiometer at octave frequencies from 0.25-8.00 kH:.3.18, 4.0, 5.04, 6.36, 8.0, 10.08, 12.7, and 16.0 kHz, and

and at 3 and 6 kHz. testing proceeded in a stepwise fashion, in this frequency
order. For Stages 2 and 3, only octave frequencies were
Selection of Test Ear tested, which included 0.5, 1.0, 2.0, 4.0, 8.0, and

Subjects had little, if any, difference in hearing sen16.0 kHz.
sitivity between ears. If one ear appeared to have bett
sensitivity, it was chosen as the “test ear.” If the ears weOperational Definition of Hearing Thresholds
about equal in sensitivity, the test ear was selecte The goal for obtaining hearing thresholds with the

randomly. automated system was not to obtain hearing thresholds as
defined normally (i.e., 50-percent response level). Rather,
Experimental Protocol (Both Sessions) “threshold” was defined operationally as the average of

In order to evaluate test-retest reliability of thresholctwo minimum response levels determined using an adap-
responses of subjects both within and between sessiottation of the modified Hughson-Westlake audiometric
we repeated thresholds within sessions and repeated test technique (9). The two responses defining threshold
testing during a second session. were obtained during presentation of tones in ascending

There were three stages of testing during each sel-dB increments (i.e., during Stage 3).
sion. The first stage was to evaluate hearing thresholds
all frequencies in the frequency range 0.5-16.0 kHz, iAutomated Testing for Hearing Thresholds
one-third-octave steps (16 test frequencies). For the se Details of the threshold-seeking algorithm were
ond stage, thresholds were repeated, but only at tifully described in Henry et al. (3). Briefly, initial
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RESULTS
(@)
Heir Thoril s Conventional Hearing Thresholds
Given an equivalent input voltage, the ER-4B ear-
1. ¥ou will be listening for soft pulsing lomes. phones provide higher output and greater frequency

response than other insert earphones used for conven-

tional audiometry (se€igure 2). Thus, the ER-4B ear-

3. Ta start the besd, louch o', phones offer advantages for audiometric testing and
could be used for this purpose in the future. It was of
interest, therefore, to make within-subject comparisons of
thresholds obtained with the ER-4B earphones to thresh-

Go olds obtained from the same subjects using the TDH-50
! earphones. Such a comparison would provide preliminary

normative threshold data for the ER-4B earphones.
Mean thresholds were compared between the Virtual

320 audiometer and the automated system at test fre-

(b) guencies that were common to both systems (octaves

R | from 500 to 8000 Hz). The threshold measurements with
the use of the Virtual 320 were obtained in dB HL. To
Towsch the | Hear i’ bea whan you hear o tone. compare between systems using the same dB metric, we
adjusted the dB SPL thresholds obtained with the ER-4B
earphones to dB HL using the reference equivalent
threshold sound pressure levels (RETSPLS) for insert ear-
phones calibrated in an occluded ear simulator (9). It
should be noted that production of the same sound pres-
e K sure level for both earphones in their respective calibra-
tion couplers did not ensure that the earphones produced
the same sound pressure at the eardrum.

| With this caveat in mindJable 1 shows that the

/ threshold means (in dB HL) for the two systems differed

by 1.0 to 10.2 dB at the different octave frequencies. To

. determine if these differences were significant, we calcu-

Figure 3. o ) lated t-tests. Since multiple tests were performed on these

Screen displays on subjects’ notebook computer for hearing thresf, o - gnterroni corrections dictated significance levels

olds: (a) instructions and (b) response screen.

to interpret the results (p<0.01 to correspond with 0.05
level for a single t-test). The mean thresholds were sig-
nificantly different at 2, 4, and 8 kHz. All further thresh-
old data are reported in dB SPL with the use of the

presentation levels were fixed at 60 dB SPL for each tegutomated system and ER-4B Canal Phone™ earphones.
frequency. Three series of bracketing procedures prt

gressively reduced the step sizes to result in threshoBetween-Session Reliability

responses with 1-dB resolution. For Series 1, step incr

ments were up 10 dB, down 20 dB, and the firsWithin-Group Reliability

response initiated the Series 2 algorithm. Series 2 at Table 2 shows the across-subjects mean thresh-

Series 3 used, respectively, increments of up 5 dB, dowvolds, in dB SPL, separated by test frequency, session,
10 dB and up 1 dB, down 2 dB. Two responses werand stage of testing during each session. During Stage 1,
required for each of Series 2 and 3, and responses weéhe hearing threshold for each of the 16 test frequencies
averaged to obtain the minimum response level for between 0.5 and 16.0 kHz was determined. For Stages 2
series. and 3, threshold testing was repeated, but only at the

T When you hesr a tone, towsch the ') Heas ' bos

Halp |

Help
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Table 1.

Mean hearing thresholds, in dB HL, obtained with two systems: (1) Virtual 320 audiometer with TDH-50P supra-aural earphones
and (2) automated system with ER-4B Canal PhoneTM earphones.

TDH-50P Supra-aural ER-4B Canal PhonéM
Frequency (Hz) Earphones Earphones p-value*
500 2.0 4.7 0.0247
1,000 4.3 5.3 0.2207
2,000 4.3 7.0 0.0046
4,000 10.8 3.8 <0.0001
8,000 12.0 1.8 <0.0001

* Results of paired t-tests; comparisons at 2,000, 4,000, and 8,000 Hz were significant after corrections for multijihg tBstgfersoni's method.

Table 2.

Means of hearing thresholds, in dB SPL, obtained with automated system. Between Stages 2 and 3 during each session, foam
eartips from insert earphones were removed and reinserted.

Session 1 Session 2
Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3
Freq (All (Octave (Octave (All (Octave (Octave
(Hz) Freqgs) Freqgs) Fregs) Freqgs) Fregs) Fregs) p-value*
500 14.15 13.25 13.05 14.00 12.75 11.85 0.0141
620 11.55 — — 11.05 — — 0.3828
800 9.75 — — 9.60 — — 0.7858
1,000 10.75 10.50 10.75 10.25 10.60 9.85 0.3531
1,260 12.40 — — 10.80 — — 0.0252
1,580 13.00 — — 12.35 — — 0.4241
2,000 18.55 18.70 18.40 18.30 18.50 18.15 0.9181
2,520 20.05 — — 19.65 — — 0.5219
3,180 19.40 — — 18.65 — — 0.4321
4,000 18.80 18.25 18.05 18.40 18.00 16.95 0.2886
5,040 18.35 — — 16.50 — — 0.0506
6,340 19.45 — — 18.40 — — 0.3514
8,000 17.30 16.90 16.60 16.40 17.20 16.50 0.9116
10,080 35.70 — — 35.00 — — 0.5619
12,700 47.50 — — 46.70 — — 0.4271
16,000 66.00 66.06 67.00 65.18 61.88 65.00 0.1139

* Results of repeated measures ANOVAs at octave frequencies (0.5, 1.2, 4.0, 8.0, 16.0 kHz); results of t-tests at ngpecteies fildone of the ANOVASs or t-
tests was significant after corrections for multiple tests using Bonferroni's method.

octave frequencies (0.5, 1.0, 2.0, 4.0, 8.0, anfor a single t-test). None of the ANOVAs or t-tests
16.0 kHz). There were thus six means for each of threvealed significant differences.

octave frequencies, and repeated measures ANOV/

were calculated on these means at each octave frequiWithin-Subjects Reliability

cy. When there were only two means (i.e., at nonoctav Table 2shows good reliability of threshold respons-
frequencies), t-tests were calculated. The multiple teses for the subjects as a group, both within and between
required Bonferroni corrections to determine signifi-sessions. To evaluate between-sessions reliability of
cance levels (p<0.008 to correspond with 0.05 level faresponses, within subjects, differences were calculated
a single ANOVA,; p<0.005 to correspond with 0.05 levelbetween individual repeated thresholds at each frequency
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(Session 2, Stage 1, threshold minus Session 1, Stag(average across frequencieg).897), and all coefficients
threshold). The across-subjects means of these diffewere significant at p<0.0001. The square of the correlation
ences are shown in column 2 Tdble 3 These are the coefficient ¢2) gives the proportion of the variance in the
means of the actual differences, and thus reflect the direthresholds of the second session that is explained by the
tionality of the responses between sessions. thresholds of the first session. These values ranged from
It is noteworthy that all of these mean difference«0.619-0.972, with a mean across frequencies of 0.809.
were negative, indicating a significant trend (p<0.05Thus, approximately 81 percent of the variance in the
Wilcoxon matched-pairs signed ranks test) for Stage Session 2 thresholds can be explained by the variance in
mean threshold responses obtained at the second sesthe Session 1 thresholds. Put another way, 81 percent of
to be less than those from the first session. The third ccthe variance can be explained by the relationship between
umn in Table 3 shows how many of the individual dif- the Session 1 and Session 2 repeated thresholds, leaving
ferences were positive at each frequency, which averagan unaccountable variance of 19 percent.
6.56 (out of a possible 20 individual differences), while The mean differences shown in column Zalble 3
column 4 shows an average of 9.88 negative differenceare based on the actual differences in thresholds between
There was an average of 3.38 times, per frequency, whSession 1 and Session 2. These means show the direc-
the thresholds were identical between Sessions 1 anctionality of the responses, as described above. It was also
(column 5). The standard deviations of the between-seof interest to determine the average magnitude of the dif-
sions differences are shown in the next column, where ferences between sessions. To do that, the absolute value
can be seen that they ranged from 1.94 dB to 5.30 dlof the between-session threshold difference for each sub-
with an average standard deviation across frequenciesject was calculated before determining the across-sub-
3.38 dB. jects means at each frequency. These means of the
Pearson product-moment correlations were alsabsolute values of the between-sessions threshold differ-
evaluated for each frequency, and the Pear&®rare ences are shown in the last columalble 3. The means
shown inTable 3 Each of these-values was=0.787 ranged from 1.45-3.60 dB. For the entire dataset of

Table 3.

Means of individual differences in hearing thresholds, in dB, between Session 1 and Session 2. See body text for fdhexplanati
of each column's data.

Standard Mean of

Mean (dB) Deviation of Absolute

Freq of Actual No. of No. of No. of Diff Scores Pearson Values of Diffs

(Hz) Diffs Diffs > 0 Diffs < 0 Diffs = 0 (dB) r* r2 (dB)

500 -0.15 9 6 5 2.93 0.853 0.728 2.15
620 —-0.50 7 10 3 2.50 0.865 0.748 2.00
800 -0.15 10 8 2 2.43 0.859 0.738 2.05
1,000 -0.50 5 8 7 2.14 0.906 0.821 1.50
1,260 -1.60 6 13 1 2.95 0.806 0.650 3.00
1,580 —-0.65 6 9 5 3.56 0.787 0.619 2.15
2,000 -0.25 6 10 4 1.94 0.971 0.943 1.45
2,520 —-0.40 7 7 6 2.74 0.924 0.854 1.80
3,180 -0.75 6 10 4 4.18 0.837 0.701 2.55
4,000 —-0.40 6 8 6 2.52 0.950 0.903 1.90
5,040 -1.85 5 15 0 3.96 0.879 0.773 2.85
6,340 -1.05 6 12 2 4.92 0.854 0.730 3.05
8,000 —-0.90 5 14 1 3.64 0.949 0.901 3.10
10,080 —-0.70 7 9 4 5.30 0.948 0.899 3.60
12,700 —-0.80 9 10 1 441 0.986 0.972 3.50
16,000 -0.82 5 9 3 4.02 0.983 0.966 2.94
Average -0.72 6.56 9.88 3.38 3.38 0.897 0.809 2.47

* All correlation coefficients significant at p<0.0001.
(Diffs=differences)
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differences in hearing thresholds between Sessions 1 aspecified interval. Of the 317 between-sessions threshold
2, the average difference, ignoring the direction of thdifferences that are representedafle 4, 290 (91.5 per-

differences, was 2.47 dB. cent) were within £5 dB, 311 (98.1 percent) were within
+10 dB, and 315 (99.4 percent) were within +15 dB.
Confidence Intervals for Difference Scores Threshold differences equaled 15 dB on only two occa-

The above analyses are based on group compssions, and never equaled 20 dB.

isons, with the assumption that the individual subject We also evaluated the confidence intervals at the

were reasonably representative of the group. Reportirindividual test frequencies. These results are shown in

confidence intervals best shows the range of individuéTable 5 which is similar toTable 4 except that the per-

between-sessions differences in hearing thresholdcentages of responses for each dB interval are shown sep-

These intervals are shown Table 4 with the numbers arately for each test frequency. These data indicate that,

and percentages of difference scores falling within eacin general, between-session responses were more reliable
at frequencies up to 1.26 kHz, with less reliable respons-

Table 4. es at the higher test frequencies.
Confidence intervals (dB) for between-sessions differences in
hearing thresholds. Within-Session Reliability
Number of Percent of During each session, three thresholds were obtained
From (2) To (<) Differences* Differences at each of the octave frequencies. This protocol enabled
-1 1 92 290 analyses of (1) within-subject, within-session response
) 2 166 52.4 reliability, and (2) the potential effect of removing and
-3 3 227 71.6 reinserting the foam eartip of the insert earphone before
—4 4 269 84.9 repeating the threshold measuremd@able 6 shows the
- S 290 91.5 means of the threshold differences between each possible
-10 10 311 98.1 : )
_15 15 315 994 pair of tests (Stages 1, 2, and 3 as also showaltite 2)
20 20 317 100.0 during each session.

Stage 1 involved the baseline measurements (hear-
ing thresholds at all 16 frequencies). For Stage 2,

* Total number of between-sessions threshold differences=317.

Table 5.
Confidence intervals for between-sessions differences in hearing thresholds. Each value represents the percentage of response:
which occurred for each interval indicated.

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

From To
=) (<) 0.5 0.62 0.8 1.0 1.26 1.58 20 252 318 40 504 6.34 8.0 10.08 12.7 16.0

-1 1 30 25 15 45 10 30 55 35 40 30 21 42 25 25 20 30
-2 2 45 65 45 70 20 60 70 60 60 60 63 59 45 40 30 53
-3 3 70 75 80 85 50 90 85 90 80 75 79 68 50 60 50 65
4 4 85 90 95 95 85 90 95 90 85 95 95 95 70 65 65 71
-5 5 90 100 100 100 100 95 100 95 85 95 100 95 85 80 75 76
-10 10 100 — — — — 95 — 100 95 100 — 100 100 90 100 100
-15 15 — — — — — 100 - — 100 — — — — 100 — —




575

HENRY et al. Reliability of hearing thresholds

Table 6.
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
Stage 2 Stage 3 Stage 3 Stage 2 Stage 3 Stage 3
Freq (Hz) minus minus minus minus minus minus
Stage 1 Stage 1 Stage 2 Stage 1 Stage 1 Stage 2
500 —-0.90 -1.10 -0.20 -1.30 -2.15 -0.85
1,000 -0.25 0.00 -0.25 0.35 —-0.40 -0.75
2,000 -0.15 -0.10 -0.25 0.20 -0.15 —-0.35
4,000 —-0.55 -0.75 —-0.20 —-0.80 -1.45 -1.05
8,000 —-0.40 -0.70 —-0.30 0.80 0.10 —-0.70
16,000 -0.06 1.00 0.94 -3.29 -0.18 3.12
Average -0.32 -0.28 -0.43 -0.67 -0.71 -0.97

repeated thresholds were obtained at octave frequencdifferences in thresholds between StageefisusStage
only, with the eartip left in place. Stage 3 involved repeai2, and Stage 1 versus Stage 3. Again, none of the t-tests
ed thresholds at octave frequencies only, with the eartwas significant.
removed and reinserted.

Each difference score was calculated by subtracting ¢Confidence Intervals for Difference Scores
earlier response from a later response. The mean differenc The range of individual between-sessions differences
shown inTable 3revealed a trend of Session 2 thresholdin hearing thresholds is shown by reporting confidence inter-
being lower than Session 1 thresholds, significantly morvals, seen iffable 4. Similarly, the range of within-sessions
often than the reverse case. The within-session differencdifferences is shown ifable 8 There were, however, mul-
in Table 6 reflect the same trend (Wilcoxon, p<0.05). Oftiple combinations of differences to be reported for the with-
the 36 means shown Table 6, 9 are positive and 26 are in-sessions repeated thresholds. For each session, three
negative (with 1 mean being 0). The mean differences athresholds were obtained at each of the octave frequencies,
again very small, with the average difference across the swhich allowed three difference scores to be calculated from
conditions being less than 1 dB. each session: (1) Stage 2 threshold minus Stage 1 threshold,

Table 6shows the means of the actual differences i(2) Stage 3 threshold minus Stage 1 threshold, and (3) Stage
thresholds between the various within-sessions cond3 threshold minus Stage 2 threshold.
tions, and because differences could be positive or neg Table 8 shows the percentages of difference scores
tive, Table 6 reflects the directionality of the paired for the various combinations within each specified confi-
responses. To reveal the magnitude of the individual didence interval. For Session 1, the Stage 2 minus Stage 1
ferences in thresholds, we calculated the absolute valicolumn shows the percentages of differences when test-
of each difference and determined the means of tting was repeated without removing the eartips. The
absolute valuesTable 7). The averages of these meaneartips were removed and replaced between Stages 2 and
differences ranged from 1.28 to 2.93 dB. 3; thus, the next two columns Table 8 (Stage 3 minus

It was a primary objective of the within-sessionStage 1, and Stage 3 minus Stage 2) reflect eartip replace-
study design to establish whether there was any effement. In general, the percentages of differences were
on hearing thresholds when the foam eartip waslightly higher for the no-replacement condition than for
removed and reinserted. To evaluate for that potentithe replacement condition for each session.
effect, t-tests were calculated, at each frequenc Table 8 also shows that within-session reliability
between the following means: “Stage 2 minus Stage Iwas somewhat better during Session 1 than during
versus “Stage 3 minus Stage 1.” This was done for bo'Session 2. During Session 1, 97.4 percent of the dif-
Session 1 and Session 2 pairs of means. None of thesferences occurred within £5 dB for the no-replacement
tests was significant (all p’s <0.05). For completeness, condition, and 94.9 percent of the differences occurred
tests were also calculated to examine for potentiewithin £5 dB for each of the replacement conditions.
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Table 7.

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

Session 1 Session 2
Stage 2 Stage 3 Stage 3 Stage 2 Stage 3 Stage 3
Freq (Hz) minus minus minus minus minus minus
Stage 1 Stage 1 Stage 2 Stage 1 Stage 1 Stage 2
500 1.70 2.50 1.30 2.30 3.35 2.85
1000 1.15 1.30 1.45 1.65 1.90 1.75
2000 1.05 1.30 0.55 1.70 2.25 1.85
4000 1.25 1.45 1.00 2.60 3.05 2.55
8000 1.50 2.70 3.10 2.00 2.60 3.00
16,000 1.00 1.47 1.77 4.24 3.00 5.59
Average 1.28 1.79 1.53 2.42 2.69 2.93
Table 8.
Confidence intervals for within-sessions differences in hearing thresholds.
Interval (dB) in which . "
Within-Sessions Percent of differences
Threshold Differences
Occurred Session 1 Session 2
Stage 2 Stage 3 Stage 3 Stage 2 Stage 3 Stage 3
minus minus minus minus minus minus
From (=) To (<) Stage 1 Stage 1 Stage 2 Stage 1 Stage 1 Stage 2
-1 1 51.3 40.2 49.6 33.3 29.1 30.8
-2 2 76.1 59.8 70.9 59.8 45.3 53.0
-3 3 88.9 77.8 82.9 80.3 69.2 69.2
-4 4 95.7 93.2 91.4 88.9 88.0 81.2
-5 5 97.4 94.9 94.9 94.0 92.3 88.9
-10 10 100.0 100.0 100.0 98.3 99.1 98.3
-15 15 — — — 99.1 99.1 99.1
-20 20 — — — 100.0 100.0 100.0

* Total number of within-sessions threshold differences=117.

The Session 2 respective percentages were 94.0 pdeveloped specifically for quantification of acoustical
cent, 92.3 percent and 88.9 percent. For Session 1, 1parameters of tinnitus, and an essential component of
percent of the differences were within £10 dB, while esuch testing is the measurement of hearing thresholds.
few differences were between 10 and 20 dB foAlthough test-retest reliability of hearing thresholds is
well documented, the unique features of the automated
system required a system-specific analysis of threshold
reliability. The purpose of the present study was, there-
fore, to demonstrate reliability of auditory thresholds
with the use of our computer-automated method.

Our ultimate goal is to develop tinnitus assessmer
methodology suitable for routine clinical application. Test-Retest Reliability of Pure Tone Thresholds
Attaining this goal will require the ability to conduct all
testing rapidly, while maintaining a high level of test-that have been thoroughly documented for response reli-
retest response reliability. The automated method weability by studies dating back to the 1930s (10-13). Since

Session 2.

DISCUSSION

Pure tone audiometry involves routine procedures
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that time, many studies have shown good reliability owithin a clinically acceptable range. The mean differ-
repeated threshold measurements in the conventioniences between responses across all subjects and condi-
frequency <8kHz) range (13-20). For high-frequencytions were 1-3 dB, and 91.5 percent and 99.4 percent of
(>8 kHz) pure tone testing, standing waves have oftethe between-sessions threshold differences were within,
been cited as a concern (19,21-24). At frequencies >respectively, £5 dB and £10 dB. Our finding that 91.5
kHz, the quarter wavelength is short enough to producpercent of differences are within 5 dB indicates an
nodes and antinodes in the ear canal, resulting in variimprovement in test-retest reliability compared to previ-
sound pressure across the surface of the tympanic meously reported data (33—35). Our data, therefore, suggest
brane (21). Thus, changes in the position of a transducthat greater precision of clinical thresholds may be
unavoidable with repeated testing, would be expected achieved using a 1-dB step procedure as compared to the
have greater effects on higher frequency tones in the etraditional use of 5-dB steps.
canal than on lower frequency tones. Therefore, invest
gators have compared threshold reliability betweelearning/Practice Effect
conventional- and high-frequency ranges and have report There was a significant trend for the threshold mea-
that reliability is equally good in both ranges (7,14,24—-29)surements to improve with repeated testing. All the
between-sessions mean differences were negdize(
1-dB Threshold Resolution 3). These mean differences, however, were small—all
For most audiological applications, hearing threshwere less than 2 dB, and the average of the means across
olds are obtained with 5-dB resolution; therefore, use the 16 test frequencies was oni0.72 dB. Improve-
5-dB step sizes was adopted for the majority of reliabiliments in mean thresholds were also observed within ses-
ty studies cited above. In the absence of organic or noncsions {Table 6). These differences were again very small
ganic change between tests, the standard error of tand averaged less thatil dB. The systematic improve-
estimated threshold (a measure of the intrasubject consment in absolute auditory thresholds after repeated mea-
tency) is considered to be approximately 5 dB for botlsurements has been reported previously (36). Zwislocki
air- and bone-conduction measurements (30,31). Clinicet al. studied this effect under various experimental con-
audiologists thus operate under the assumption thditions and concluded that the threshold of audibility
repeated thresholds within +5 dB reflect normal tolerancimproves with practice. The improvement was attributed
for clinical error (13,32). Tinnitus loudness-matching,to effects of practice and motivation, and thresholds were
however, requires step changes of 1 dB to obtain precinoted to improve during several experimental sessions.
loudness matches. Because the loudness matches are The effect was also postulated to be due to the discrimi-
erenced to hearing thresholds at each test frequency, ination of tones against a background of physiological
thresholds must also be obtained with 1-dB precisiornoise, and, with practice, this discrimination ability
Thus, for the present study it was necessary to obtain bbecomes more sensitive. Improvements in thresholds
thresholds to the nearest decibel. with repeated testing have been reported by additional
Means of the actual differences in hearing thresholdinvestigations (10,18,19,37-39). Other studies, however,
were shown, both between sessiofab(e 3) and within  have shown no improvement in thresholds with repeated
sessions Table 6). These analyses reveal whether thetesting (15,40-43).
thresholds trended higher or lower upon repeated testi Although the practice/learning effect for thresholds
(discussed in the next paragraph). The absolute valuesis equivocal in the literature, the present data suggest that
these differences were also calculated, the means there is such an improvement in normal-hearing individ-
which reveal the magnitude of the differences across suuals. Our results agree with those of the one study that
jects. These means generally ranged between 1 and 3 dested systematically for this effect (36). Although not
For audiologists, the expected +5 dB test-retest variabilstated in the study by Zwislocki et al., it is likely that their
ty of hearing thresholds is predicated upon testing in 5-dlisteners also had normal hearing. The data from the pre-
steps. Hearing thresholds are not normally obtained wilsent study, along with those from the Zwislocki et al.
1-dB precision, thus there are no clinical norms for thstudy, together argue strongly that this effect occurs when
variability of these measurements. However, results chearing sensitivity is normal. There is yet the need to
this study indicate that the performance of this automatedetermine if this effect also occurs for subjects with
technigque for obtaining reliable hearing thresholds is wecochlear hearing loss.
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Automatic Audiometry unmasked pure tone air conduction audiometry, but
The present study was a component of a larger prisophisticated masking and bone conduction techniques
ject that is designed to develop automated methodologmay never be adaptable to automation. Nevertheless, just
for obtaining tinnitus-matching measurements. Thusas automated testing is used for industrial monitoring
development of computer automation to obtain hearinpurposes, it could also have application for ototoxicity
thresholds was not an end in itself. However, because monitoring.
the history of attempts to develop automatic audiometr The main problem with ototoxicity monitoring is the
as an alternative to traditional manual audiometry, the«difficulty obtaining audiometric data from patients at
data contribute to this area and some relevant commerrepeated intervals. Whether these patients are in the hos-
are warranted. pital or in their homes, scheduling their repeated audio-
The defining characteristics of automatic methodimetric exams has proven to be cumbersome, and
for pure tone audiometry are that the listener maintairimpossible in many cases. Consequently, many patients
control over the level of stimulus presentation and that avho are included in an ototoxicity-monitoring program
least some of the procedures are automated (44). The fido not receive the level of service that is available to pre-
automatic, self-recording audiometer was described kvent significant ototoxic effects. These kinds of difficul-
von Bekesy in 1947 (45). That audiometer produced ties make ototoxicity-monitoring programs difficult to
sweep-frequency tone, and in 1956, a fixed-frequencoperate effectively and may be the reason such programs
version appeared, inviting direct comparison with manuare scarce, despite published standards for early detection
al audiometers. A number of studies were conducted suof ototoxicity (48).
sequently to compare hearing thresholds, in the san In the present study, the differences in hearing
individuals, between manual and self-recording audiomethresholds between-sessions did not produce a single
ters. Most generally, these studies showed that seivalue that would have met the ASHA (1994) criteria for
recording audiometry resulted in slightly more sensitiveototoxicity (48). Thus, this technique has the potential to
thresholds than manual audiometry (46). Using 1-dB stereduce false positive responses that are associated with
sizes, most studies have shown an improved sensitivity ototoxicity monitoring. For this to be investigated further,
1-2 dB with automatic audiometry, while an averagea threshold reliability evaluation of the automated tech-
difference of about 3 dB was reported by Robinson annique should be conducted in a population of patients not
Whittle (39). receiving ototoxic drugs.
For the present study, mean thresholds were con
pared between the conventional audiometer and ttEtymotic Research ER-4B Canal Phone™ Earphones
automated system at octave frequencies betwee When faced with the decision of selecting earphones
500-8000 HzTable 1). The use of different headphonesfor use with the automated testing system, we were pri-
(TDH-50P supra-auralersusER-4B insert) required the marily concerned with using earphones that were capable
caveat that, although dB HL was matched between eeof reproducing tones at high levels throughout the fre-
phones (8), the pressure produced at the eardrum was quency range of 0.5-16 kHz for tinnitus matching.
necessarily equal because of the different acoustic ché¢Testing at high frequencies (>8 kHz) requires high output
acteristics of both the earphones and the couplers. capability due to the gradual reduction in human audito-
The advent of microcomputers provided anothery sensitivity in this frequency range. After evaluating the
method for conducting automatic audiometry, and thcommercial possibilities, we found that the Etymotic ER-
potential advantages of computerized audiometry weidB Canal Phone™ earphones appeared to provide the
recognized as long ago as 1971 (47). At that time, it webest performance characteristics for our application.
considered a “foregone conclusion” that computer-driveiConsidering the availability of a variety of circum-aural
audiometry would supplant manual audiometry. Such and insert earphones that are intended specifically for
transition has obviously never occurred, but automatiaudiometric application, selection of an in-the-ear trans-
audiometry has found utility for certain applications,ducer that was designed for listening to binaural record-
especially industrial audiometric testing. The use of autdngs was unexpected. The present study has demonstrated
mated testing in the audiology clinic would require pro-that the ER-4B has practical application for use as a sin-
gramming of computer algorithms to perform testing agle earphone transducer to evaluate an extended range of
the level of a skilled audiologist. This may be feasible foauditory sensitivity.
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In addition to its utility for full-frequency testing effect at 1 and 2 kHz. The effect at 6 and 8 kHz was
capability, the ER-4B shares in the advantages that aattributed to standing wave formation at these frequen-
offered by any type of insert earphone. Some of the mocies. Erlandsson et al. (40) found greater variability of
obvious advantages include the reduction of ambierrepeated auditory thresholds when a circumaural ear-
noise during testing (49,50) and the significant increasphone was repeatedly replaced versus when thresholds
in interaural attenuation (51,52). Lilly and Purdy (53)were retested with the earphone fixed in position for each
have described other advantages of insert earphones rerepetition. The authors suggested that a circumaural ear-
tive to supra-aural/circumaural earphones. phone deforms the pinna, which can affect the transmis-

The present study has further documented that tession of sound pressure to the ear canal. Gauz, Robinson,
retest reliability of threshold sensitivity using the ER-4Band Peters (59) found no effect on threshold measure-
is at least as good as that shown for other insert earphorments when a circumaural earphone was replaced.
and for traditional audiometric earphones. Studies hav Stelmachowicz et al. (60) compared reliability of
compared test-retest reliability of hearing thresholdhigh-frequency (8—20 kHz) thresholds using two systems.
using the Etymotic ER-3A TubephoneV®rsusstandard One was a prototype high-frequency audiometer, origi-
supra-aural earphones, including the TDH-50 (34,54 nally described by Stevens et al. (21), which used a
TDH-39 (55) and TDH-49 (56). These studies all showe60-cm plastic tube to couple the high-frequency trans-
that reliability of thresholds for frequencies up to 8 kHzducer to the ear of the subject. The other system used
was at least as good for the ER-3A as for the standaKoss HV/X supra-aural earphones. Repeated thresholds
audiometric earphones. were obtained without moving the earphones. The ear-

Other studies have shown good threshold reliabilitphones were then removed and replaced, and a third set
with insert earphones for frequencies above 8 kHz. Tang aof thresholds was obtained. For both systems, replace-
Letowski (57) obtained repeated thresholds at 10-16 kkment of earphones resulted in a slightly higher standard
using the Sennheiser HD-250 circumaural earphone alerror of measurement (SEM) than when earphones were
Etymotic ER-1 Tubephone™. Their results revealed sicleft in place, with the supra-aural earphones having the
nificantly smaller variability with the insert earphones.best response reliability with replacement.

Valente, Valente, and Goebel (58) compared test-rete Larson et al. (34) conducted test-retest measure-
reliability of high-frequency thresholds up to 18 kHzments using the ER-3A Tubephone™. A component of
using the Koss HV/1A versusthe Etymotic ER-2 that study was to conduct two retests, one with the ER-3A
Tubephone™. Intrasubject response variability was coneartips left in place and the second after removal and
parable between the two earphones. replacement of the eartips. They found no significant

The present study adds to this literature by showineffect on test reliability when eartips were replaced.
that the Etymotic ER-4B earphones can provide responlLarson’s study is the only one we know of that evaluated
reliability that is comparable to all earphones that havthreshold reliability between the two conditions of eartips
been demonstrated to be reliable for testing auditorfixed versusreplaced. The present study confirms the
sensitivity. results of Larson for reliability of thresholds using insert-

style earphones.
Reinsertion of Foam Eartips

An additional concern addressed by this study wa
whether removal and replacement of the ER-4B foarCONCLUSION
eartips might have an effect on threshold reliability. This
is a particularly important question when testing at high These data validate use of our automated technique
er frequencies where standing waves might be affected for obtaining reliable hearing thresholds. Results of this
earphone placement, with the potential to significanthstudy may have further generalized application, including
affect sound pressure level at the eardrum. (1) confirmation that the ER-4B Canal Phone™ ear-

Hickling (19) found that when TDH-39 supra-aural phones can be used for clinical audiometry, (2) the ER-
earphones were removed and replaced between tests, 4B eartips can be removed and reinserted without
reliability of 6 and 8 kHz thresholds was significantly appreciably affecting the measurements, and (3) 1-dB
poorer than when earphones were left in place durinstep sizes can be used for obtaining precise tinnitus
repeated testing. Earphone replacement did not have matching measurements. In addition to using the tech-
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